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INFLUENCE OF LIGHT AND TEMPERATURE ON SUGAR- 
CANE AND ERIANTHUS ^ 

By John 1. Lauritzen, senior physiologist, E. W. Bkandes, head pathologist 
in charge, and .Thlius ]\Tatz, pathologist, Division of Sugar Plant Jneestigations, 
Bureau of Plant Industry, Soils, and Agricultural Pngineering, Agricultural 
Research Administration, United States Department of Agriculture 


INTRODUCTION 

III a, j)iovioiis pul)lieatioTi {2, j>. 8),^ (l(‘alin^ with tlio photothor- 
nial roqui remen ts of sugarcaiH\, evideiua^ was submitted tJiat ^‘at 
^iv('ri tiTnperatures there ar(‘ (hdiiiite li^lit n'quirernents, tlie light 
needs h(dng greater at the liigher temp(uatures and less at low(>r 
temp('ratur(‘s/’ For examph*, at 59° F., wlien three 40-watt fhiorc's- 
eent daylight tube's and two lOO-watt Mazda, bulbs weue use'd as th(‘ 
soure(‘ of light, the jdauts showe'd slight growth and eontinued in 
fairly normal Ja'alth for 8 wea'ks; wherc'as, with the same light somce 
at 78°, tli('r(' was little growth and imirke'd imf)ai]*mt‘nt of health, 
death resulting in many cases. At 59° th(‘ anabolic and catabolic 
proc(‘Sses of the plants were in approximate' l)ala,ne‘e, whereas at 78° 
the' ca,t,al)olic proea'sse's e'xcea'ded tin' anabedie*, espe'eially during tlie 
later weeks e)f the e'xpe'rime'iit. As the light inte'nsity at 78° was 
ine’rease'el, there was a marked im|)rove‘ment in the he'alth and growth 
of the' plants. The existe'iice e>f a funelame'ntal re'latie)n between the' 
faeddrs of light a.nd te'inperaXure' in the'ir e'ffe'cts upon the' deve'lopme nt 
e)f plants was reve'ah'el })y the* Wiite'is in the'se e'ajlie'i* e'xperiments and 
leel to the' furthe'r stuelie'S repoi-te'el in the present paper. Bolas (/) 
founel a similar re'lation be'twe'e'ii te'mpe'rature' and light intensity anel 
assimilation rate (meastire'el by change in eiry we'ight) in tomato plants 
during a perie)d of 7 hours. 

The iiive'stigations re'pe)rte'd in this pape'r anel in a jtrevious one' (2) 
ineduele'el (1) studies on the' nite* e)f growth of agre)up e)f wild and garden 
varieties of sugarcane, ineligeiH)us to eliffe're'ut latitueles, that we're' 
asse'inbled anel studie'el individually at n series of stations at various 
leH'ations extending from the Equa.te)r to latituele 40° N., anel (2) 
rate-of-growth stuelies of some* of the'se same* va-rieties as well as 
additional one's under controlh'd conelitions of temperatui'e' ami ligltt. 
From Novi'inber 19, 1940, to July 11, 1941, five' e'xperiments we'ie' 
e'onducteel at the Unite'el vState's De'paitment of Agriculture Cold 
Storage ijaboratory, Arlington Expevriment Faim, Arlington, Va. 

MATERIALS AND METHODS 

The plants used in the prescMit stuelie's included M varie'ties of e'rian- 
thus and 21 varietie'S of sugarcane*, 8 of which hael bee'ii use'el in the 
rate-of-growth studies (tables 1). The* expeiimental environme^ntal 
conelitions includeel aelelitie)nal te*m})erature‘s and a wider range of 

• Rocoived for publication March 22, 1944. 

3 Italic nmribers in pari'iithc.scs refer to Literature Cited, p. IS. 
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intensitios than was previously employed. The plant materials 
for the most part wore selected with eonsideration for the significance 
of latitude in growth and light-temperature relations, and sele(‘tion 
was limited to forms known with reasonable certainty to have origi- 
nat(*d at particuilar latitudes. 

Table 1. — Statistics on varieties of sugarcane and erianthus studied 


Sp(*ciP!^ atul varict y ' 

Wild or 
gardoii 

Impor- 

tation 

No. 

Place of origin 

Lati- 

tude' 

where 

indige- 

nous 

Krianlhm annidivaceux (Ilpt/,. ) .bvsw.; 





28 N.O. 7 

Wild . 

831 

Territory of J’apua, New^ Guinea . 

8*^ S. 

Krianthufi maTivws Brongn.: 




N.(;\ i:V2 2 

do 

021 

New Caledonia, French Oceania 

21" S. 

Raiatea 2 

do 

023 

Society Islands, French Oceania 

17" S. 

Sacchartivi harheri Jp.sw.: Ilatooiii 

OardcMi 

21.3 

British India 

25" N . 

Saccharum offtcinarum h.. 





Cafia Cnolla 2 

do 

815 

do. . . . 

11" N. 

Louisiana Pur|)lo 

do 

5 

Java, Dutch Ea.st Indies 

8" S. 

N.r.25 2_ 

do _ 

888 

New Caledonia, Fretich Oceania . 

21" S. 

N.C. 117 

do ... 

000 

do 

21" S. 

Saccharum robust um'’: N.U. \ 

Wild 

o;i3 

New IIel)ri(les, South Pacific 

17" S. 

Saccharum ainemte Roxb.: (''ayana 

Garden 

128 

British India . 

n. 

Saccharum ffjHmtaucum L.: 





Burma 2 , 

Wild. 

848 

do - 

20" N. 

Djatiroto 

. do 

580 

Java, Dutch East Iiidit's 

8" S. 

Gehra Bon 

do „ .. 

818 

British India 

25" N . 

Pa.s(>oropan _ . 

do 

555 

Java, Dutch Ea.st Indies 

8" S. 

Rpllagadi 

do 

817 

British India 

10" N. 

Tabongo 2 

do 

578 

North Ccdelws, Dutch East Indies 

0". 

U.S. 4515 2 

do 


Turkmenistan, Union of Soviet So- 
cialist Republi(vs. 

40" N. 

Saccharum hybrids; ' 




Co. 281 .. . . . 

flardcai 

178 

('oimhatore, British Imlia 

11" N. 

C.P. 1185 . . 

(B 


Canal Point, Fla 

27" N. 

C.r.29fm 

(*) 


do 

27" N. 

(\P. 31/204 

(L - - 


1 do 

27" N. 

C.P. 31/511 .... 

Garden . 


. do 

27" N. 

C.P. 34/70 

(e 


do .... 

27" N. 

I'.O.J. 2725 

Gardi'ii 


Java, Dutch Ea.st Indies 

8" S. 


' Varieties of sugareano arc often designated by letters or other abbreviations that usually indicratf? plae(' 
or institution of origin. The meanings of designations used in this paper an* as follows: (S)., roirnbatorc 
(India); (rP., Canal Point (Fla.); N.(^, New Caledonia; N.d., New (iuinea; N.ll., New Hebrides; P.0..1., 
Proefstatlon Cost Java; and TJ.S., Thiited Slates. 

■ Used in rate-of-growth studies. 

n’he hybrids were derived from both w ild and garden .stock of sugarcane. 

* Bred at Canal Point, Fla., but not released for commercial cultivation. 


Nin(> insulated lOoms (eight of them approximately 7 by 14 I'etH 
l)y 11 feet high and ont' approximately 8 by 9 feet by 8 feet higli) 
provided space for the controlled (‘onditions (oiu' condition of light 
intensity to (uicli room) during the first thret' (‘xptu’iments; seven of 
the larger rooms provided space during the fourth ('xptu’iment . Tin* 
control rooms were cooled by brine coils, and the temperatur(' was 
maintained witliin 4° F. (mostly within less than 2°) by the use of 
thermostatically controlled eletdric heateis. 

Air exchange was provided in each room by forcing air through a 
2-in(‘h duct tliat led to the rear of the room. A similar duct through 
the front wall permitted escape of the air. The air was exchanged 
about once every hour. Th(». relative humidity in the rooms varied 
from about 60 to 80 percent, the percentage tending to increase with 
lowering of the temperature. 

The light source in each room was a combination of Mazda lamps 
and daylight fluorescent tubes. In eight of the nine rooms used the 
lights were mounted on a frame attached to pulleys for raising or 
lowering the light source to the desired height (1 foot) above the tops 
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of the plants. The lights in each room were arranged so as to distrib- 
ute the light at as uniform intensity as possible over an area of 24 
square feet (4 by 6 feet), th(‘ space occupied by the plants. In tlu^ 
ninth room the fights were stationary at about 4 to 5 fe(‘t above tlie 
tops of the plants. This room was the source' of tlu' lowest light 
intensity employed and was used only in connection with teunpeu-atun's 
of 00° and 05° F. In none of the rooms was the light intensity uniform 
over the entire area oecupieHl by the j)lants. 

This variation in intc'iisity was intlueiK'ed particvdarly by tlu' 
position of the Alazda lamps. The apjxroximate' inteuisities corre- 
sponding to the numl)er and combinations of Alazda and fluoies(‘ent 
lights us('d in experiments 1 to 4 are shoAvn in table 2. It should b(‘ 
kept in mind that the light intensities employed in all these (‘XjX'ri- 
nients were relatively low as compared with normal outside light. 
In all experiments the daily light and dark periods w('r(‘ LI and 11 
hours, resp('ctively. 

1 'abfe 2.- -Source and approxunate ■irdensities of light used in experirnerds 1 io 

ISdrnc of lh(' iiilciisitit's w<‘it <lii|)licato(l at 1.h<‘ (iilT<'r<‘n< Icnija'ralurc.s (‘nifdoyad) 




Lifibt sourc" 



Apitroxjrnalc 

FluorcscciU lub 

•s 

bulbs 

intensity 

1 for)l from 






source > 

Total 

Tcrmt b 

I'owcr 

'I'ofal 

I'owt'r 


Nil inf >er 

Inrhtft 

Walfft 

Nil mficr 

fViifis 

Foot -can (11 fs i 

] 

24 

2(1 

1 

50 

i 20 i 

2 

4H 

4(1 

1 

100 

5>0 1 

4 

48 

to 

2 

100 

100 I 

U 

48 

4(1 

1 

100 

220 i 

IS 

4S 1 

40 

S ! 

• 100 

.no ! 


48 ! 

40 ’ 

10 

100 i 

500 1 


' Tin' sourcu' for flic lowcsf li^ht iiitcnsily used (20 foof-candlcsi was ahout 4 to fi fi'cl above the plants. 


The sourc(* of light in (‘X])(‘rim(*nt 5 was water-cooled, l,0()0-watt 
Alazda lamps suspended, by a. ])ulley arrangc'inent for altering tlu' 
lu'ight of the light, in chambeis (18 inches square' and 12 feet high) 
that were providt'd with air exchange. These lamps furnished an 
inte'iisity of about 1,750 foot-candles at tlu' top of tin' plants. Tlu' 
200-foot-candl(' intensity was obtairu'd by (‘ovt'ring tlu' lights with 
paper or muslin. The' light intt'iisities were' jneasun'd 1 foot below tlu' 
light source. In experiments 1 to 4 tlu'it' was one light inte'nsity 
(lOO foot-candles) cTunmon to all temperatures. In the lirst thj(‘(‘ 
experiments tlu'iH' was one additional intensity (50 foot-candles) com- 
mon to the two lowc'r temperatures (00° and 70° F. ) and one additional 
intensity (220 foot-candles) (‘ommon to the two higlu'r temperature's 
(70° and 78° in ('xperiment 1, and 70° and 80° in (^xp('iiments2and 0). 

In addition to giowing the different varieties of sugarcaiK' and 
erianthus under the foregoing conditions of light and temperature, in 
two of the expc'riments control plants w('re grown in the greenhouse. 

The plants we're grown from stem cTittings in 4-inch pots in a 
greenhouse. About 10 to 14 days before the plants were exposed to 
the various conditions of light and tempe'ratuje tlu'y wei*e transferred 
to*6-inch pots. The cuttings were planted and the plants exposed to 
experimental conditions of temperature and light on the following 
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dates: Experiment 1, August 20 and November 19, 1940; experiments 
2 and 5, October 8, 1940, and January 10, 1941 ; experiment 3, January 
29 and March 25, 1941 ; and experiment 4, April 10 and June 13, 1941 . 
The age of the phuits at the beginning of tlie experiments was as 
follows: Kxp(‘riment 1, 91 days; experiments 2 and 5, 94 davs; (‘xperi- 
ment 3, 55 days; and (^xpei'iinent 4, 04 days. 

Plants of a given variety in a given experiment wei c^ fairly unifoim 
in size, but tln^ sizes differed considerably between varieties, especially 
in th(> experiments in which the older plants W(‘T(‘ us(h1. When dealing 
with a collection of varieties such as those used in these expeiiments, 
it is impossible, although highly desirable', to oblaiTi idants of different 
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Figure 1. Distriliutioniii 

eaoli room, In'iioadi I he 
source* of light, of in- 
dividual plants of the 
dififerent variol ios of sug- 
arcane and erianiluis 
used in experiment 3. 
Similar distributions 
were made in expc'ri- 
ments 1, 2, and 4, 


vari(‘li(*s of unifoim size. Tin* procedure followxxl was to grow the 
plants under uniform conditions and thensch'ct within a giv(*n varic'ty 
for* uniformity. 

In orxier to compensate somew^hat for the variation in light intensity 
at different points under the batteries of lights, the plants of a givc'ii 
variety were distributed in the same maimer in each room (fig. 1). 

The number of plants used at each condition of light and tem- 
perature in cxiierimcnts 1 to 4 was 24, 32, 28, and 32, respectively. 
In most instances 2 plants of each variety were used in (ixperiment. 
1, and 3 plants of each variety in each of experiments 2, 3, and 4 
(see figs. 2 to 5). In each room the plants were arranged in a rec- 
tangular area (4 by 6 feet) directly under the lights, with 4 row^s one 
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way and (>, 7, or 8 rows tin' other, depending upon tlu^ number of 
])lants used. The pots eontaining the plants rested on an op(uirack, 
() incdies abov(' th(‘ lloor. Daily att(Mition was given to the water 
r(‘(purem(‘nts of the j)lants; and, although tli(‘ soil was not maiiitaimxl 
at a constant wat('r contcuit, an effort was made to approximate th(^ 
same wat(a* (‘.ontt'ut in all jjots. A r(‘cord w as ki'pt of the amount of 
vva,t(‘r added. 

In (*xp(‘riment 5 only om* plant of each of tW'O varieties w'^as exposed 
to (‘ach of two liglit intensiti{‘s. 

W(‘(‘kly measureim'nts of the langht of the })lants W('re takem, and 
observations w c‘re madt' on th(‘ color, healtli, and d(*atli of the leav(‘s 
and on dcaitli of tin* plants. At tht‘ com])l(‘tion of the experiments, 
dry -weight d(d(^rminat ions w’^ctc made unch'r (“omparable conditions of 
drying (floor of attic in the headhouse of a greenhouse). 

EXPERIMENTAL DATA 

The data h(ae r('ported deal witli speci(\s and vaijeties of two 
closely r(‘hited genera, Saccharm/i and Eriaritlius (table 1). Each is 
veg(d/atively jirojiagatc'd and is commonly r(‘garded and d(‘signat(‘(l 
as a vaih'ty. In th(‘ illustrations and tabh?s dealing with the nsponsc' 
of th(' plants to light and t(un))eratiire, the varieties arc' listed alpha- 
l)(‘tic,ally, j-(‘gardl(‘ss of s})ecilic and gcaieric coniK'ctions. Ih'cause of 
th(' common i*(‘spojise of all varietio's, the discussion, iri the main, 
w ill (l('al w ith the r('s])ons(' of the varietic's as a grou]). 

I'Mii.E 3. - 7o/a/ averngf increase in heighi per plant of mother stalks pins suckers 
and of nioiher stalks alone in different varieties of sugarcane and erianthus exposed 
for 7 'Weeks to various conditions of light and temperature in S experiments ‘ 

M04U1KR STALKS ITvt’S SUCKERS 



A ver* 

Increasi* in tn'ipdit m itJi iiKlicated lijibl inten.sity (foot-candles) at - 

I'AiH'rinuMit No. 
and variety 

iriitifil 

lii'ight 

of 


(iO^ E. 



70'^ F. 


78 

or 80"' 

F.2 

Green* 

hoiis»‘ 


niotlK'r 










con- 


.stalk 

20 

.50 

100 

50 

100 

220 

100 

220 

340 

trols 

lT\p(‘rinu'n(, l: 

('in. 

('in. 

Cm. 

('m. 

Cm. 

Cm. 

Cm. 

Cm. 

( ’in . 

( 'm . 

('ill. 

Hum 111 . 

117. 0 

Hi.O 

18. 8 

3(;. 5 

33. S 

39. 8 

89. 5 

30. 5 

03, 8 

131.8 


Caynria.-- 

ail. 5 

. 5 

1.3 

3.2 

1.8 

0.2 

18.0 

4.3 

14. 7 

47.7 


(fclira Hon 

48. 1) 

2. 0 

7.3 

17:3 

5. U 

10. 3 

34. 0 

1.5. 3 

13. 5 

30. 5 


llatooni . 

30. .5 

1.0 

1.3 

4.0 

1.8 

1. 0 

9. 3 

2.8 

0. 0 

25. 8 


Louisiaiifi Turple. 

24. 0 


. 3 

.3 

.3 

0 

2. 0 

. 5 

1. 5 

7. 0 


N.(L 132 

30. 0 


0. 0 

9. 5 

5. 5 

9.8 

22.3 

5. 8 

30. 0 

39. 0 


N.H. 

()3. 0 

i. 3 

7. 0 

10. 3 

10. 3 

20. 3 

42. 3 

24. 0 

51.3 

03. 0 


Idisoerorun . _ .. 

71. 0 

1.8 

11.5 

22.8 

11.3 

19. 3 

30. 8 

28. (1 

103. 0 

104.8 


RelliiKtuli.. 

84. 5 

23. 8 

40. 8 

09.3 

24.5 

53.3 

74, 5 

20. 5 

79. 8 

140.5 


Tabonpn) . 

7G.0 

5.8 

21.3 

18.7 

19.8 

48.7 

80.8 

47.7 

91.8 

130. 8 


28 N.G. 7 

27. 5 

0 

rj 

0 

H 

1.0 

19. 0 

l.O 

10.3 

29. 0 






d Vital 


52.2 

122. 1 

197. 9 

114.9 

224.7 

428.5 

180.4 

405. 7 

707.9 









E.xperiiuent 2; 


1 










Hurina . 

37. 1 

2. 5 

15. 3 

14. 5 

5.8 

10.8 

23. 8 

3. 0 

29. 0 

01. K 


Cayana 

24. 3 

. 5 

1.2 

4.2 

2.3 I 

2. 7 

7. 7 

8. 8 

13.7 

39. 8 


Hatooni.. 

22.4 

. 5 

1.5 

1.3 

.8 

1.5 

4^7 

! . H 

15.3 

12. 2 


Louisiana rurple- 

15. 4 

.3 

1.5 

0 

.3 

1.0 


i • 7 

3.0 

4.8 


14.7 

.3 

.2 

. 7 

.8 

.2 

L7 

. 3 

7.7 

(■>. 2 


N.C. 132 

27. 0 

1.2 

7. 5 

11.3 

10. K 

11.0 ; 

IK. 8 

i 1 . 0 

31.0 

35. 8 


N.Ii. 1 

3.5.9 

3. 2 

6.8 

12.0 

8,5 

17.0 i 

25. 2 

7. 5 

42. 0 

40. 5 


easoerocan 

47.9 

1.7 

7. U 

13.8 

11.0 

20.7 ' 

42. 5 

' 17.5 

72. 0 

89.2 


Raiatea- 

d’abouKo . . , 

21.9 

1.2 

1 1.5 

4. 0 

4.0 

11.7 

21. 7 

3.2 

30. 8 

53. 2 


53. 7 

3.2 

9.5 

15. 5 

17.8 

28.0 

43.8 

30, 3 

78. 5 

109. 5 


tJ.S. 4515 . 

39. 9 

.2 

2, 3 

.7 

1.3 

5 

5.2 

1.0 

1.2 

3. 8 








Total 


14.8 

53. 3 

78.0 

03.4 1 

105. 1 

195.8 

84. 1 

324.2 

402. 8 



See footnotes at end of table. 
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1’able 3. - Total average incrmse in height per plant of mother stalhs pins suckers 
and of mother stalks alone in different varieties of sugarcane and erianthvs exposed 
for 7 weeks to various conditions of light and temperature in 3 experiments ’ — Con. 

MOTHEIt STALKS TLUS SUCKEKS-Continufd 



.\ ver- 

iiu‘n‘a.s(‘ in lieight with indicated light iritimsity (fool-eandhvs) at 


age 











I'^xpcriment No. 
and variety 

initial 

height 

of 


00° F. 



70° F. 


78 

' or 80° 

K./ 

(ireen- 

iiouse 


mother 










eou- 


stalk 

20 

50 

100 

50 

100 

220 

100 

220 

340 

trols 

Experiment 3: 

Cm. 


( 'm. 

f'm. 

f'm. 

( 'm . 

Cm. 

i'm. 

f’m. 

f 'm. 

Cm. 

('avana . 

14. 1 

tr 

0.3 

0.5 

0.3 

0.8 

0. 7 

0.7 

15.0 

24. 0 

44. 3 

iiatooni . 

19. 8 

.3 

.8 

1 2 

. 3 

1.3 

♦». 5 

_ 7 

8. 3 

1 7. 5 

.54.8 

Louisiana Purphv 

12. 2 

. 3 

, 5 

. 8 

.3 

. 8 

5. 7 

. 5 

3. 5 

11. 2 

14.5 

N.(L 25 

10. 9 

0 

. r> 

. 5 

5 

1.2 

3. 3 

2.2 

5. 5 

10. 3 

29. 5 

N.C. 132 

10.2 

.8 

. K 

1.8 

1.3 

5. 2 

12.3 

4.7 

17.5 

24. 0 

33. .5 

N.n. 1 

1 2. 5 

. 3 

1.3 

1.0 

0 

3.7 

24. 0 

. 5 

12.5 

39. 3 

.5.5, 0 

Eaiatea . 

13. 5 

. 1 

.9 

3. 5 

.0 

. 9 

14.8 

.9 

17.4 

25. 4 


liellagadi, 

'Pabongo 

10.9 

1.0 

2. 0 

0.8 

3.3 

0.3 

30. 8 

4.0 

7.2 

32. 5 

172.2 

11.3 

1.2 

3. 1 

7.7 

2. 5 

7.3 

24, 3 

4. 0 

22. 8 

02. 2 

99. .3 

I'otai 


4.3 

10.2 

23. 8 

!U 

27.5 

128.4 

18.2 

109. 7 

240. 4 

.503. 1 



MOTHEU S'PALKS ALONE 





Experiment 1. 












liurma .. 

1 17.0 

14.8 

15.3 

34. 5 

30. 0 

35. 3 

52. 3 

28.0 

55. 0 

122. 8 


('ayana 

39. 5 


.8 

3. 0 

1.8 

(). 2 

13. 3 

5. 3 

13.0 

40. 0 


(l('liraHon 

48.0 

.5 

2.8 

10. 5 

2. 5 

8.0 

14.3 

0.8 

4.5 

12. 0 


Halooni 

30. 5 

.0 

1.0 

2. 3 

1.3 

2.0 

4.0 

2.3 

3.8 

10. 0 


laujisiana Purj)le 

24.0 


.3 

.3 

.3 

0 

2.0 

. 5 

1. 5 

7.0 


N.C. 132 . 

39. 0 


4.K 

9. 5 

5. 5 

9.H 

22. 3 

5.8 

30. 0 

39. 0 


N.IM, 

03, 0 

1.2 

7.0 

10. 3 

10. 3 

20. 0 

42. 3 

24. 0 

51.3 

03. 0 


j*a.so<^roean . _ 

74.0 

1.3 

11.0 

22. 5 

11.0 

18. 3 

33. 8 

20. 3 

102.0 

97. 0 


Hellagadi . 

84. 5 

5. 2 

8.0 

13. 3 

13.8 

22,8 

23. 0 

7. 0 

47. 8 

39. 8 


Tabongo 

70. 0 

3. 5 

7.0 

8.5 

11.3 

20. 0 

37. 0 

23.7 

04. 5 

58. 5 


28N.O; 7.. .j 



0 


0 

. 8 

1.0 

19.0 

1.0 j 

10.3 j 

29. 0 


Total ..... 


27, 0 

r>8. 5 

120. 7 

88. 6 

155. 4 

203. 3 

UK). 7 j 

383.7 

518. 1 


.Exiioriment 2; 












Burma 

i 37.1 

1.3 

13.0 

11.8 

5. 3 

10.9 

23. 8 

3. 0 

0.0 

40. 5 


C ayana 

I 24.3 


1.2 

1.8 

1.7 

1.7 

5.8 

1.0 

4. 5 

28. 2 


Hatooni 

22.4 

5 

1. 5 

1.3 

. 8 

1.0 

4.7 

. 8 

2. 7 

12.2 


Louisiana ITiride. 

15.4 

.3 

1.5 

0 

.3 

LO 

. 7 

■7 

3.0 

4.8 


N.C. 25 

14.7 

.3 

.2 

. 7 

. 8 

.2 

1.7 


4.0 

0. 2 


N.(L 132 . 

27.0 

1. 2 

7 

11. 3 

10. 8 

11.0 

18.8 

7. 3 

28. 8 
30. 8 

32. 3 


N.II. 1 _ 

35. 9 

3.2 

5. K 

12. 0 

M. 5 

17. 0 

22. 5 

4 8 

40. 2 


1‘asoeroean 

17. 9 

1.7 

7.0 

13.2 

10. 5 

17.3 

38. 5 

7.’ 3 

00. 2 

09. 3 


Uaiatca 

21.9 

1.2 

1.3 

3.7 

2.8 

7.8 

10.3 

3. 2 

29.8 

33. 3 


'Pabongo . 

L.S. 4515 

53. 7 

1.8 

4.7 

7.8 

8.3 

17,7 

20. 2 

12.2 

28.2 

47. 7 


39. 9 

2 

.5 

0 

.2 

...T 

2.8 

.3 

1.0 

.8 


Total ... 

— 

12.2 

44. 2 

63. 0 

50. 0 

85. 9 

155.8 

40. 9 

205. 0 

327.5 


P'x{)eriment 3: 












Cay ana 

i 14. 1 

0 

.3 

.3 

.3 

7 

0. 7 

• " 

3. 5 

21.2 

17. H 

Hatooni _. . . 

19. H 

.3 

.5 

1.2 

.3 

1.0 

0. 5 

’8 

3. 7 

17. 5 

14. 5 

Louisiana Purple. 

12.2 

2 

. 5 

,8 

.3 

.8 

5.7 

.7 

3. 5 

11.2 

14. .5 

N.C. 25.... ._ 

10. 9 

()” " 

ry 

. 5 

.5 

. 7 

3.3 

2.2 

5.7 

10. 0 

11. 5 

N.C. 132 

10.2 

.8 

'.H 

1.8 

1.3 

5.2 

12.3 

1.7 

17. 5 

23. 8 

10. K 

N.H. 1 

12.5 

.3 

1.3 

1.0 

0 

3.7 

24.0 

.5 

12. 5 

39. 3 

51.3 

Haiatea 

13. 5 

.1 

.0 

.8 

.3 

.9 

12. 0 

. 0 

17. 1 

25. 4 


H(dlagadi 

10. 9 

. 7 

1.0 

3.7 

1.2 

3.0 

17.8 

1.3 

4. 0 

22.2 

33.5 

Tabongo 

11.3 

. 3 

2.0 

5.8 

2.2 

6.5 

15.7 

2. 3 

20.8 

.50. 0 

30. 0 

'I'otal 

1 

1 

1 2. 7 

j 7.5 

15. 9 

1 6.4 

21.5 

1 104.0 

10. 8 

88.3 

220.0 

195.9 


1 The experiments weri' eon(lii(*i<'(l during the following period.s: Exiniriment 1, Nov. 10, 1940, to .Tari 7, 
1941" exi)erirnent 2, Jan. 10 to Feb. 28, 1941; and experiment 3, Mar. 25 to May 13, 1941. 
i 'rhe temperfiture was 78° during experiment 1 and 86° during experiments 2 and 3. 
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The behavior of the three varieties of Erianthus (28 N.G. 7, 
N.C. 132, and Raiatea) at the various temperatures and light in- 
tensities was sufficiently similar to that of certain varieties of 
Saccharurn (Gehra Bon, Ilatooni, and N.H. 1) to make it impracti- 
cable to se|)arate them on a geiuTic basis (table 3) . The data do not. 
clearly indicate a distinction Ix^tween varieties of the differejit species 
of Saccharurn j although th(^ light intensities employed may have been 
more depressing in their effect on the varieties of Saccharurn offi- 
cinarum as a grouj) than on il\c. varieties of th(‘. other species of 
Saccharurn. Large dift‘erences between varieties of Saccharurn 




LIGHT INTENSITY 
(FOOT-CANDLES) 



TEMPERATURE CF.) 60 



100 220 340 



r" 1 GROWING mm NOl growing 


Ktgure 2. — Response of different varieties of sugarcane and erianthus to ligiit 
intensities at different temperatures in experiment .1. Two plants of U. S. 4510 
were used to make up the 24 plants at 20 foot-candles at B0“ F., but the data 
are not represented in the graph. 


fipontaneum in response to light and temperatur(‘ were obsevrved. Th(‘ 
response of the varieties of the other species of Saccluirurn closely 
paralleled that of some of the varieties of Saccharurn sporitmieum. 

The behavior of plants of all the varieties used in experiments 1 to 3 
relative to the presence and absence of growth and the cessation of 
life at all conditions of light and temperature is shown graphically in 
figures 2 to 4. 
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t('inp(‘raturos of ()()° and 65° F. are near the lowc^r tem- 
perature limit for growth of sugar(*aii(% plants grown at tli(*s(^ t(*mpera- 
tiires W(‘re, oji whole, more normal than thos(‘ gi’own uud(‘r com- 
parable light iutensities at 70° and were in much Ix'tter health than 
those grown at. th(‘ same light intensities at 7<S° and 86°. The results 
show clearly that at 78° and 86° and even at 70° a greatiu* light inten- 
sity is rexjuired for survival, at least during tlH'. period covtu'ed by these' 
(‘yperiments. The contrast in apptairance of the' plants grown at 65° 
and those grown at 86° with the saint', light source' (100 foot-candles) 
in (‘xperiment 4 is strikingly illustrated in figure 5. The j)lants grown 
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DURATION OF 

TEST (WEEKS), 

LIGHT INTENSITY 
(FOOT- CANDLES) n 

TEMPERATURE CF.) 

1^^ ^ 7^^l ^7^^ ^7 b_v— ^ 3 

20 50 100 50 100 220 100 220 340 

- ^ s./ ^ ^ V ' 

60 70 86 


I 1 GROWING tmm NOT GROWING ■■■ DEAD 


t'KJURE 3.™ ^lesponse of different varieties of sugarcane and erianthus to light 
intensities at different temperatures in experiment 2. 


at 65° showed grt'ater health and less mortality than those grown at 
86°. At a light intensity of 100 foot-candles at 60°, growth occurred 
during more periods (weekly) and more continuously in plants of 
most varieties in t'xperiments 1 and 2 than at 60° and 65° in experi- 
ments 3 and 4 (figs. 2 to 5). At the same intensity at 86°, the plants 
in experiment 3 were weaker and in many instances death occurred 
ejwiier than in plants of the same variety in experinnint 2. Associat('d 



variety and plant no. 
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9 


wilii tliivS difioroiico in vital response in tln^ (liff(M'ent experiments was a 
<lifl‘er(‘n(‘(‘ in tlu^ age of tlie plants at the beginning of the exf)erimcnts. 

Grow th was eontinuons in most varieti(*s at light intcaisities of 340 
foot-candles at 78"^ F., 340 and 500 foot-candles at 80°, and 220 foot- 
candles at 70°. 

In addition to the graphically n'prcLsented distinction betW'(^en 
j)lants expos(‘d to the sani(‘ light intensity (100 foot-candles) at difl’er- 
(‘iit temperatures, there was a striking dilT(‘r(‘iH‘e in tlH‘ appearaucT' of 
the plants. Although growth was not great at 00° and 05° F., th(‘ 
plants, on tlu' whoh\ (exhibited a good gnam color and appc^ared nor- 



LIGHT INTENSITY 
( FOOT- CANDLES) v . v 

SO 

100 

50 

100 

220 100 220 

340 

TEMPERATURE CONTROL 
("F.) IN 

GREENHOUSE 




~70 

86 


r~l GROWING 



NOT GROWING 

■■ DEAD 



i'lcruE 4.-— H(‘spoiis(' of difforont- variolios of siigarcaiio aiul orianiluis (o ligiit 
intensities at cUtferent teiii})erat ures in experiment, a. 


mal; whenais at 70°, 78°, and 80°, and particularly at tlie last two 
temp(‘ratures, they sliowed symptoms of })oor luaiith, and in many 
cases died. The symptoms of poor health consisted of yt'llowing and 
dying of the leaves and chlorosis of th(‘ spindle,^ particularly from }{ 
to 2 inches just above the upper leaf sheath. This tissue was ofttm 
brittle and w^eak, and in many instances it collapsed and tlu^ top of the 

* IJufurleri, immature k'avos. 


67715.S -45 2 



Journal of Agricultural Research 


Vol. 72, No. 1 


plant fell over before death ensued. Similar symptoms were evident 
at the lower light intensities at 60°, 65°, and 70°. 

The average total increases in height per plant of the mother stalks 
and mother stalks plus suckers in experiments 1 to 4 are given in tables 
3 and 4. 

As measured by tlie increase in height of mother stalks alone or of 
mother stalks plus suckers, most varieties showed an increase in 
growth with an in<*rease in light intensity at all temperatures. The 
sums of the total increase in height of individual varieties showed a 
definite correlation with the light intensities employed at (^ach tem- 

65^K 















'vVi:''? 


86 •R 




Figure 5. — Plant h of different varieties of sugarcane 
86® (B), and in a greenhouse (C). The numbers below 
Note how much larger the plants at, 300 foot-candles 
ature; there was comparatively little difference in the 
candles. The temperature generally ranged from 75® 
where no light-intensity measurements were made. 
Criolla, Co. 281, C. P. 1165, C. P. 29/291, C. P. 31/294, 
Djatiroto, N. C. 117, and P, 0. J. 2725. 




grown at 65° F. (yl), at 
the pots are foot-candles, 
are at the lower temper- 
size of those at 220 foot- 
t,o 85® in the greenhouse. 
The varieties were Cafla 
C. P.31/511, C. P. 34/79, 


peraturc. It is obvious that the age of the plants affected their rate 
of growth as well as their survival; that is, rate of growth under the 
same light intensities was greater in the older plants in experiments 
1 and 2 than in the younger plants in experiments 3 and 4. 

At a light intensity of 100 foot-candles there was less total growth 
in all instances (sum of totals of individual varieties) at 78° and at 86° 
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than at 70® F., and in some instances l(‘ss than at 60® (tabh^ 3). 
Growth was greater at 70® than at 60®. IduM’e was also more injury 
to the plants at 78® and 86® than at 70®. The results indicate that 
more light is required for liealth at 78® and 86® than at 60® and 70®. 
At a light intensity of 50 foot-candh's tlie total growth was sometimes 
greater at 60® and sometimes at 70®. 

Tabj.e a. — Total average inrreOf^e in height per plant of n\other stalls plus surkers 
and of v'.other stalks alone of different varieties of sugareane exposed to various 
eonditinns of light and tewperature during 4 iveeks^^ in experin\ent 4 

MOTHER STALKS PLUS StK^KERS 



A VLMaKo 
initial 

In(*n*a.so in lieiRlit with indicatt'd liRht inhoisity 
c?andlos) at - 

(foot- 

(Ircoii- 

hou.sc 

controls 

Variety 

b(>i}?ht 

of 

niothor 



F. 



F. 



.stalk 

2t) 

hi) 

100 

220 

UM) 

220 

500 



Cm. 

Cm. 

Cm. 

Cm. 

Cm. 

Cm. 

Cm. 

Cm . 

Cm. 

f'afia ('riollii 

H.H 

0 . a 

0.7 

0.8 

2. 0 

2. 0 

2 .r> 

8.7 

38. 5 

('o. 281 

la. 1 

. 1 

.8 

.8 

1.9 

l.O 

4.3 

17.5 

28.8 

r.r. Ilf).') - 

12. H 

.8 

. 8 

a. 7 

0.2 

1.0 

2.3 

19. 2 

39. 7 

(’.[‘.211/291 

14.7 

1..*) 

1.4 

1.9 

4. 1 

2. 0 

4.0 

18.4 

29. 0 

C.P. :Vl/294 __ 

14. () 
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.'), 8 
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1.8 

T). .') 
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(\[MU/79 . . _ 

11.9 

.a 

.7 

.8 

2.2 

1.0 

. 3 

12.2 

24. 2 
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I a, .') 

. 7 

1.0 

1.8 

0 . a 

2. h 

0. 8 

.30. 0 

51.3 

N.(\ 117 . . 

H. .') 

.a 

. 7 

.a 

.7 

2. 3 

3.7 

7.8 

14.2 

1 I. 272.'i 

1 J1.8 

. 7 

.8 

.3 

. 8 

1.3 

1.3 

12.5 : 

10.7 

Tolnl 


(). f) 

9.2 

13. 7 

31. 8 

18.0 

30. r> 

100.0 

299. 4 


M01TIKK STAI/KS ALONE 





(’afia ('riolla . 

8. a 

0. 2 

0.7 

0.8 

2. 0 

i 1.8 i 

2.5 

! 7.2 

I 

I 9, 2 

(’0.281 

la. 1 

. 1 

.8 

.8 

1.9 

I 1.0 

i 4.3 

10 . a 

1 18.5 

C.P. llfir) 

12.8 

5 

. h 

1.0 

r>.8 

i 1.2 

1 2.2 

18.8 

i 18,0 

(’.[‘.211/2111 

14.7 

i.a 

1.4 

1.9 

1. 1 

; 2.0 

1 4. 0 

18.3 

! 25. 5 

(’.P.:U/294 

14.1) 

-r 


i.r, 

4.3 

! 2.0 

1 5. 8 

20. 2 

23 ! 2 

('.[’. :n/.")ii _ 

12. 1 

1.2 

1.8 

1.8 

3. a 

! 1,8 

5. 5 

20. 0 

1 19.7 

( .p. :i4/7n 

11.1) 

. a 

.7 

.8 

2.2 

1 1.0; 

.2 

} 11.8 

i 15.0 

Djaliroto 

la..") 

.a 

.8 

1.8 

h. 7 

l-U 

4. 8 

' 23. 7 

23. 7 

N.(.’. 117 

8..'V 

.a 


.3 

. 7 

! 2.3 

3. 7 

! 7.8 

11.8 

l‘.0..). 272.') . 

11.8 

, 7 


.3 

.8 

i 'i-a 

' 1.3 

12.5 

1 10.7 

'I'otal. _ _ 


.'i. () 

8 . 0 

11.0 

30. 8 

10..') 

34. 3 

150.0 

181.3 

1 


' Poriod (!uvoix'd was Jnnc Pi to .Tuly I!, HI41. The plants wore (14 days old when the oxporiiiuait was 
.started. 


In view of the fact that growth was limited as much at 70® as at 60® 
F, at a light intensity of 50 foot-candh's, it would seem that a light 
intensity between 20 and 50 foot-candles might be found that would 
limit growth more at 70® than at 60®. 

Th(‘re was considerabh' diff(‘rence in the total giowth of vari(‘ti(‘s 
ginwn at the various light intensities at the different temj)(‘ratur(‘s. 
Sonu*. of this difrerence was j*elated to the size of th(‘ plants at the 
b('ginning of the experiments. Particularly was this triu' in ex])eri- 
ments 1 and 2. Three fatdnrs may have enterc'd actively into this 
relation. (1) Under uniform conditions in a greenhouse certain 
varieties grew faster than others, indicating a normal differiuitial rat(^ 
of growth among varieties. A similar differential rate of growth 
might be expected among varieties when expos(‘d to difltu’ent condi- 
tions of light and temperature. (2) The diffei'ence in height of plants 
of different varieties at the beginning of an experiment may have 
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infliJ(‘ncod varietal rate of growth. The taller varieties were near th(‘ 
source of light and, therefore, were exposed to higher light intensities 
than the shorter ones. (3) In some instances, the rate of growth was 
influenced by the number of suckers present at the beginning of tlu' 
(‘xperiments. Conditions in the gi*ecnhouse were much more conducivt‘ 
to suckering than the different conditions of light and temperature 
used in these experiments. In experiments 3 and 4 the plants of 
different varieties were more nearly the sam(^ size whm exposed to the 
various light intensities and temperatures than those in expcu-iimuits 
1 and 2, yet considerable varietal difference in behavior was (‘vident 
after ex])osure. Th(^ results of experiments 1 and 2 indi(*ate strongly 
that some of the varieties behaved differently inuhn* th(> environ- 
mental conditions of these experiments. That there is a varietal 
response is indicated by the results obtained with Louisiana Pur])l(‘ 
and Rellagadi in experiment 3. Louisiana Purple showed litth' 
growth at any of the combinations of light and tem])(U‘atur(\ wh(U*(‘as 
Rellagadi showf'd more growth at- all combinations and a gr(uit d(uil 
more at some, although the plants w(u*e smalh'r than Louisiana Ibnplc' 
at th(‘ beginning of the experiment. Similar differenc('s in rate of 
growth were obtained with tlu'se two varieties in ex])(*i’im(Mit L 


Table 5 . — Ave,rage groiMh increment per plant of rnother alaJks pivfi fivekers of 
different varieties of sugarcane and eriarithus exposed for various periods to different 
conditions of light and temperature in experiment 2 




Jan. 1, 1040 


Infuenee of Light and Tem^pemture 


Fable 5. — Average growth increment per plant of ynoiher stalks plus suckers of 
different varieties of sugarcane and erianihus exposed for various periods to diffeieni 
conditions of light and iempeiature in experiment 2— Continued 


IJphl, inU'nsit.y 


' 1 plant, doad. 

* All plants dead. 

2 plants daad. 

^ Growth due to suckers; iiiothor stalks dead. 


1 Growth increment alter indieal('d period 





(weeks 

) 



Total 

1 

2 

3 


5 


7 


Cm . 

Cm . 

Cm . 

Cm . 

Cm . 

Cm . 

Cm . 

(' m . 

O.H 

0 

0 

> 0 

(-’) 



0. 3 

U 

0 

. 2 

0 

0 

0 

0 

. 2 

2 

^ 2 

0 

0 

.3 

0 

0 

. 7 

fj 

.2 

0 

t) 

.2 

1 0 

0 


0 

.2 

0 

0 

0 

0 

0 

.2 

.2 

0 

. 5 

.5 

.2 

.2 

.2 

1.8 

.2 

.2 

0 

0 




.4 

.H 

1.7 

. 5 

1.0 


1.3 

2.3 

7.0 

. 7 

2. 3 

1.7 

1.3 

0* 

0 

0 

0. 0 

1 • * 

.2 

0 

.2 

2 

0 

0 

1.3 

! .K 

.3 

1.0 

1.3 

LO 

1.5 

1.5 

7.4 

.h 

.8 

1.8 

2.0 

2. 0 

2 f, 

1.7 

11.3 

2.2 

1.0 

1.3 

1.8 

2.3 

L8 

. 5 

10. 0 

. .*) 

.3 

, 7 

1.5 

3. 5 

2.0 

2. 5 

11.0 

i.:t 

2.2 

2.7 

2. 8 

3.0 

3.2 

3. 5 

18.7 

:i 0 

, 7 

1.2 

. 5 

2.2 

2.8 

. 7 

II. 1 

:t. (1 

3!o 

4.t> 

7.2 

5. 0 

3. 7 

5’ 0 

30. 0 

2. ;t 

3.7 

5.3 

0. 2 

5.8 

0. 3 

O.tl 

35. 0 

2. 0 

.3 

.2 

.2 

.3 

2 

Ml 

3.2 

1.2 

1.0 

1.0 

.8 

1.0 

!3 

.5 

5. 8 

J.a 

. 8 

2.0 

2. 3 

2. 0 

2.0 

1.5 

11.0 

4.2 

1.3 

.8 

1.0 

. 5 

0 

5 

8.3 

:i:t 

2- 5 

1.8 

1.8 

1.8 

2. 3 

3.3 

10. 8 

4.0 

2.7 

2. 7 

3.8 

3. 8 

3. 7 

4.5 

25. 2 

.5.7 

. 7 

r, 

.2 

.2 

{'0 

(“) 

7.3 

0. 0 

d . t) 

5 .H 

8,0 

0. 7 

4.2 

5.3 

42.0 

5. :t 

7.0 

5.8 

7. 8 

7.2 

0. 7 

0. 7 

40. 5 

l.:t 

.2 

> .2 

0 

» 0 

0 

0) 

1.7 

1.2 

. 7 

1.0 

1.3 

1.2 

. 8 

.8 

7.0 

1.3 

L2 

1.5 

1. 7 

2. 3 

3.0 

2.8 

13. 8 

3. S 1 

3. /) i 

2.0 

. 8 

0 

f) 

1. 2 

11.0 

2.8 

3.7 

3.7 

3.3 

2.7 

2.2 

2.3 

20. 7 

4.0 i 

0.7 

0.0 

0.0 

5. 5 

5.8 

8.5 

42. 5 

f). 5 

1.5 

.8 

1.8 

' 2. 5 

4.5 

.8 

17.4 

8.3 

11. 8 

11.3 

10.8 

13.2 

9. 5 

7.0 

71.0 

7.2 

14.0 

13.2 

13.2 

17.2 

10.8 

13.7 

80. 3 

1.0 

. 2 

0 

1 1 0 

» 0 

0 

(‘) 

1.2 

. F, 

. 2 

! 0 

■ 

. 2 

.2 

0 

1.0 

, 7 

.5 

i 2 

i .8 

. 7 

. 5 

. 5 

3. 0 

2.5 

. 5 


.3 

1 .2 

0 

2 

4.0 

1.5 

. 5 

.8 

. 8 

1.8 

2.7 

’ 3.' 5 

11.0 

1.2 

1.3 

l.S 

2. 7 

4.5 

4. 7 

5.2 

21.4 

i. 7 

.3 

. 5 

.3 

I 2 

. 2 

0 

3.2 

3.8 

3.2 

4.8 

5.8 

5. 2 

3. 2 

4.8 

30. 8 

4. 0 

0. 3 

0. 5 

10.0 

7.8 

7.8 

7. 7 

53. 1 

2.0 

.8 

0 

0 

.2 

0 

2 

3.2 

2.3 

1.8 

1.0 

.7 

r, 

1.5 

1.7 

0. 5 

2.8 

1.7 

2. 0 

1.3 

2^8 

2.3 

2.5 

15.4 

5.0 

3. 3 

4.2 

1.8 

1. 5 

.8 

1.2 

17. 8 

5. 5 

5.3 

2.7 

3. 0 

4.2 

4.2 

3.2 

28. 1 

4.8 

7.2 

0. 3 

4. 5 

7.8 

5.3 

7. 5 

43.4 

0.2 

5. 5 

3.8 

4. 5 

5. 2 

3. 5 

1.7 

30. 4 

10. 0 

11.8 

11.3 

0.8 

10.7 

12.7 

15. 2 

78. 5 

12. 0 

18. 5 

12.5 

10, 3 

21.5 

14. 5 

14.2 

100. 5 

0 

0 

' 0 

.2 

0 

0 

0 

2 

2.0 

0 

' 0 

.2 

.2 

0 

0 

2^4 

■ i 

0 

0 

0 

0 

. 5 

0 

. 7 

1.2 1 

0 

0 

0 

0 

.2 

0 

\‘.4 

.2 1 

.2 

0 

. 2 

0 

0 

0 

.0 

1.7 

.3 

0 

1.0 

.8 

.8 

, 7 

5. 3 

.2 

. 5 

0 

.3 

0 

0 

0 

1.0 

.3 

.3 

.2 

.3 

0 

0 

0 

1. 1 

1.7 

.5 

.3 

.3 

0 

0 

.8 

3. 0 


The 1‘ate uiui chaiigt^ of rat(> of growth of the varieties in experiment 
2 (table 5) serve to diffei’entiatc^ clearly not only the ett’ects of tem- 
perature and light inituisity but also vai-ietal bt^havior. Very littl(‘ 
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growth occurred in Hatooni, and even less in N.C. 25, Ijouisiana 
Purple, and U.S. 4515, as compared with other varieties at most of the 
conditions, of light and temperature. In the varieties that showed 
considerable growth there was a tendency for the rate of growth at low 
light intensity at each of the temperatures to declines with the lapses 
of time. This decliiu^ was sometimes more marked at the higher tem- 
})eratures, although the low light intensity was liigher at the liiglnu* 
t/<unperatur(?s than at the low. On the other hand, at the higher 
intensities at all the temperatui*es, and particularly at thediigher tem- 
j)eratures, the initial rate of growth was more often maintaincHl 
and in soim*. instances increased during the suc,c(HHling periods of 
exposure. At least ])art of this more favorable response at the higher 
t(Mnperatur(\s can Ix^ attributed to the higher light intensities em- 
ployed as compared witli those at the lower temperatures. At low 
intensities of light tlu* rate of growth tended to be higher during the 
Krst week than during the later weeks of exposur(‘. This t(‘ndency 
was apparent at many of the intensitic'S in varieties that showed littk‘ 
growth at any of th(‘ conditions of light and temperatur(\ It is pos- 
sible that the preceding conditions of growth in the gri'cnhouse may 
have had some effect upon this initial period under expcu-imental 
(‘.onditions. 

In (experiment 5 (table 6) one plant each of two varieties was 
('xposed to light intensitices of 200 and 1,750 f(>ot-(;andIes at 80° F. for 
4 wceeks. It will be seen that theliigluer intensity (1 ,750 foot-candk's) 
was much more favorable for growth than the light intensiti(‘s used in 
the other (‘xperiments (1 to 4). Nom^ of the expeuhnents, of (ourse, 
was designed to determine the optimum light intensity; nor is it 
definitely known whether the optimuni light for th(‘ growth of sugar- 
cane is ever (^xexxxled in nature. Clements (3) has shown, howev(U‘, 
that under natural conditions light intensity may Ixicome too low for 
maximum growth. 


TAiUiE 6 . — Growth increments in plants {mother stalks plus suckers) of 2 varieties of 
sugarcane exposed for weeks'^ to 2 light intensities at 86° F. and a relative humid- 
ify of about 7f) percent, experiment 5 


Varu'ty 


Unriiia, _ 

('ayaim 


Liiihi 

nU'iisity 

Initial 

height 

of 

Orowth liKTOinorit after indieat<*d pc'riod 
(w(*eks) 

1 

'I'otal 

increase 

Ory 

weight 

inothor 

stalk 

1 j 

^ i 


4 

in length 

Foot- 
ed ridlf it 

Cm. 

Cm. 

Cm. 

Cm. j 

Cm. 

Cm. 

Cm. 

21)0 

10 

4.5 

0.5 

0.0 

2.5 

13. 5 

1. 

1,750 i 

12 

10. 5 

51. 5 

70.5 

50.5 

201.0 

20. 

2(M) 1 

21 

5. 0 

3. 0 

10.5 i 

5.5 

24.0 

4. 

1,750 

19 

18.5 

25. 0 

23.5 

19.0 

80. 0 

40. 


’ 'Du' iHaiod covcivd was Jan. 10 to Fob. 7, 1941. Tho plants were 94 clays old at the beginninjj; of the 
exi>erinusnt. 


Tables 7 and 8 show the averagi^ dry weights of plants at the 
difroront conditions of light and temperature obtained in experiments 
1 to 4. In addition to these data, dry weights of control plants gi’own 
in the greenhouse in connection with experiments 3 and 4 are shown 
in tables 7 and 8, The initial w^eights of plants representative of 
those exposed to the various conditions of light and temperature in 
tjxperiment 4 are given in table 8. 
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Table 7. — Average dry weight of plants of different varieties of sugarcane and eri- 
anihus ea, posed for 7 weeks to various conditions of light and temperature in S 
experiments 


Dry weight with indicated light intensity (foot-candles) at- 


Experiment and variety 


ti0° F. 



70° F. 


78° or 80° 

F.J 

Oreen- 

hou.se 


20 

50 

too 

.50 

JOO 

220 

KKJ 

220 

1 

j ;mo 

con- 

trols 

Experiment J: 

Gm, 

Gm. 

Gm. 

Gm. 

Gm. 

Gm. 

Gm. 

GM. 

am. 

Gm. 

Burma- 

12.4 

14. I 

11.7 

15. 0 

12.4 

21.3 

15. 3 

10. 9 

20. 3 


Cayana 

0. 0 

0.7 

10. 0 

0.0 

.10. 0 

12.2 

8. 1 

11.3 

20. 0 


Oehra Bon. 

5.4 

7.5 

8.4 

4.8 

4.4 

7.4 

4.9 

7.2 

9. 1 


llatoonL- 

7.2 

8.3 

11.7 

,5.8 

9.3 

10.8 

9.0 

10. 2 

11.7 


Louisiana Puriile 

2 7. 0 

7. 0 

7. 7 

7. 0 

7.9 

8. 0 

,5.0 

9.9 

. 12.0 


N. C. 132 - -- 

2 5. 8 

7.5 

0.0 

5.8 

0.2 

8. 9 

,5. .3 

9. 2 

1,5. 1 


N. II. 1 - - 

8.0 

8. 1 

13.8 

10.8 

14. 9 

1,5. 1 

11.5 

14. 5 

23.2 


J^asoeroean 

8. 0 

12. 0 

14.2 

0.9 

7.4 

9. 3 

10. 3 

14. 9 

17.8 


Kellagadi . 

12.4 

14.2 

15.4 

9.8 

12.0 

17. 4 

11.4 

1,5. 0 

19.3 


Tabongo 

10.4 

13.7 

14. 1 

10.9 


17.8 

12. 2 

1,5.5 

21. 1 


28 N. 0.7 

5.5 

Kl 

8.3 

5.2 

5. 1 

10. 5 

5. 7 

9.2 

10.8 



''I’otal 

90. 2 

107. 2 

121.3 

88. 0 

io:i 5 

137.8 

98. 7 

134.4 

192. 4 


Experiment 2: 











Burma . . 

2.3 

,3.8 

2. 2 

2. 1 

2.2 

2.5 

1.9 

4.0 

,5. 0 


(^ayana . 

3.4 

4.0 

3.9 

4.0 

•1.0 

5. 1 

,3. ,5 

4.3 

9.3 


Hatooni .. _ _ 

2. 0 

3. 1 

3. 0 

3. 0 

3. 9 

4. 8 

2.4 

4.4 

8.4 


Louisiana Purple 

3.3 

3. 2 

2.4 

2.3 

,3. 0 

3. 0 

1. 7 

2.H 

4. 9 


N.(:\25 - 1 

y.9 

3.H 

4. 1 

4.4 

2.4 

3.2 1 

2. 1 

3.7 

1 7. 0 


N. C.1.32 

4.7 

4.9 I 

4. 7 

4.3 

3.2 

4. 2 ! 

3. 1 

4.4 

7.0 


N. n. 1 

0, 3 i 

0. 8 

7.9 

0. 7 

0. 7 

7.7 j 

■5.0 j 

9.9 ! 

11.8 


Pa.soer<^i'an _ 

4.2 

4.7 

4.0 

,3.9 

4.3 : 

0. 1 1 

4.2 

0. 3 1 

7 7 


Haiatea 

3.8 

1. 3 

4.3 

4. 1 

5. 1 j 

5. 7 ! 

3. 3 ! 

7.8 1 

11,' 2 


'Pabongo . . . . 

4.0 

0. 1 

0. 5 

5. 0 

,5.4 

0.7 i 

,5.9 

,5.7 

9. 0 


C. 8. 451,'). 

3. 0 

1.9 

2. 0 

2.8 

2.3 1 

J.0 1 

2. 5 1 

2. 7 

2.4 



— 

— — 



: 








'Potal . 

42. 1 

40. 0 

40.8 1 

43.2 1 

42. 5 1 

,51.0 1 

35. 0 1 

50.0 ; 

8,5.5 


Ex|)<>riment 3; 









i 


Cayana 

2. 5 

3. 5 

. 1 i 

3. 1 

3.5 

3.2 

2. 1 

3.8 i 

0. 0 

22. 3 

Hatooni. ... . 

4.' 8 

4.7 

5.5 1 

3.0 

4.3 

0.7 

3. 7 

5. 5 

11. 1 

34. 3 

Louisiana Puri tie . 

1.9 

1.9 

2. 1 

1.9 

2.3 

3.9 

2.9 

5. 2 

0. 8 

28. 5 

N. C. 25. .. . .. 

2.3 

2.3 

1.7 

2.2 

2.4 1 

4. 0 

2. 0 

4. 4 

,5. 0 

21.0 

N. C, 132 

1.2 

1.0 

1. 5 

1.3 

2.9 

2.4 

2.4 

2.8 

3. 5 

17. 0 

N.li. 1 . 

2.5 

3. 0 

1.9 

1-7 

2.8 

5. 7 

2.9 

3.2 

1). 4 

28. 1 

Haiatea . , _ . . . 

2.8 

2.5 

2. 7 

2. 5 

2.2 

3. 5 

1.9 

3. 0 1 

5. 2 


Hitllagadi . 

1.5 

2.0 

1. 5 

1.9 

1.4 

2. 0 

1.3 

1.4 ! 

2^9 

' *3i.'() 

'J’abongo ... 

1.2 

2. 1 


1.9 

1.9 

3. 0 

1.4 

2.5 

3. 0 

20.2 

T’otal ... - 

20.7 

0 

21.9 j 

20. 1 

23. 7 

,3,5. 0 

21.2 

32.4 j 

51 . 1 

202. 4 


J 78° in experinjent 1 and 86° in experiments 2 and 3. 

^ T’here were no plants of Louisiana Purple and N. C. 132 at. 20 foot -candles at W)° F. in experiment 1. 
Heeausc the dry-widght values of thes<* vari(‘ties w'ore similar to those at 20 foot-candles at tK)° and at 5() 
foot-candles at 70° (ex|)eriiiients 2 and 3), the dry-weight values of these varieties (Louisiana Purole, 7 gin.: 
iN , 132, 5.8 gm.) in this experiment W'ere u.sckI in computing the total dry w’eight at 20 foot-candles at 00'-', 

In experiment 1 the relation between light intensity at ('ach tem- 
perature is clearly seen in connection witli most varieties, the dry 
weights increasing with tlie intensitv of the light. This relation 
liolds at 86° F. in experiment 2 (table 7). At 70° in experiment 2 
the tendency for tlie dry weights to increase with tlie light intensities 
is offset by exceptions. However, in most instances the dry weights 
are higher at the highest light intensity than at the two lower in- 
tensities. At 60° (table 7, experiment 2) the dry weights at the two 
highest intensities are in some instances slightly greater than at tlu‘ 
lowest, but the difference is not marked. In experiment 3 (table 7) 
there appears to be no relation between dry weights and light in- 
tensity at 60°; at 70° there appears to be a relation in some varieties, 
and at 86° the correlation is clear. In experiment 4 (table 8) the 
three lowest light intensities at 65° seem to have little or no effect 
on dry weight. Th^^ highest light intensity at this temperature seems 
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to have caused an increase in dry weight in some varieties. At 86° 
tlie dr 3 ^ weights increased with the light intensity. In general, 
although not as conclusively as th(> growth increments (increase in 
It'ngth of stalk), dry weight indicates a dependence on light intensity 
for its production. At the higlier temperatures this reflation is clear. 
At the lower temperatures, which thems(^lves become a limiting factor, 
the effect of light intensity is often not evident. However, the higher 
light intensities maintain a much better condition of health in thc^ 
})lants at each of the temperatures than the lower light intensities. 
The dry-weight data, in these experiments indicate' that th(> low light 
intensities (50 and 100 foot-candles) at 78°, 86°, and 70° are no more 
favorable, and in some instances apparently less favorable, to the 
production of dry matter than these same light intensities at 60°, 
although these higlu'r temi:)(‘ratures are normally much more' favor- 
able to growth than the lower ones. 


Table Average initial dry weights and average dry weights of plants of different 
varieties of sugarcane exposed for 4 rveeks to various conditions of light and tem- 
perature; experiment 4 


\-ariPty 

Tiiitial 

dry 

woiKht. 


1 )ry w(‘i 

05" 

ght with indicated light intonsil y 
(fof»t-candlcs) at — 


(Irccu- 

housc 

controls 


F. 


100 

80" F. 

20 

50 

100 

220 

220 

5tK) 


Gm. 

Gm. 

Gm. 

Gm. 

Gm. 

Grn. 

Gm. 

Grn. 

Gm. 

afi a Criolla .. 

1. 5 

1.7 

1.0 

1.0 

1.9 

1.4 

1.8 

3. 3 

10.0 

('o. 281. 

2.5 

2.2 

2.5 

1.9 

2.3 

2. 5 

2. 2 

5 7 

11.3 

V. i\ no/). - 

2. 7 

3. 0 

2.5 

3. 0 

4. 1 

2. 9 

3. 0 

013 

13.5 

C. P. 29/291 

2.3 

2.0 

2.2 

2.8 

3.3 

2.5 

3.3 

5. 7 

15.0 

C. P. 31/294 

2.2 

1.8 

2.4 

2. 1 

3.2 

2.4 

2.7 

5.0 

13. 3 

C. P. 31/r)ll... 

3.2 

2.7 

.3.0 

2.5 

3.8 

2.8 

3.8 

5.8 

14.4 

(\ 34/79 

2. 4 

2.3 

2.9 

2.7 : 

3. 9 

2.0 

3.4 

7.0 

12.2 

Djatiroto 

2.2 

1.0 


1.9 1 

1.9 

1.8 

2.0 

4.8 

11. 0 

N. C, 117 

1.2 

1. 1 

1. 0 

1.1 

1.0 

1.3 

1.7 

2.9 

9.2 

P. 0. J. 2725 

2.5 

2.2 

2.8 

2.5 

2.8 

2. 0 

2.0 

7.4 

13.0 

'I'otal---. 

22.7 

21.2 

23. 2 

22.7 

1 28. 8 

22. 8 

27. 1 

54. 5 

124. 1 


In the foregoing (\xperim(*nts the gi'owth i*espons(; of the S(‘V(‘j*al 
varieties to the light-temperature combinations employed seemed l,o 
bear no relation to the latitudes in which the varietitis originated, but 
this may be attributable to limitations of the environmental factors 
artificially set up, especially the d(‘ficien(‘y of light in most experi- 
ments. Field observations strongly hint that at relatively low tem- 
peratures the northern varieties respond to the stimulus of adequate 
light (daylight at Arlington Experiment Faim, Arlington, Va.) and 
grow faster than equatorial varieties. In the experiments undc'r 
consid(‘ration, however, Louisiana Purple, coming from latitude 6° S., 
behaved similarly in its growth response to U. 8. 4515, originating at 
latitude 40° N. Both varieties showed little growth under any of the 
environmental conditions. The noble canes (Louisiana Purple, Cafia 
Criolla, N.C. 25, and N.C. 117), varying in their origin from latitude 
6° S. to 11° and 21° N., showed relatively little growth at any of the 
combinations of light and temperature. 

DISCUSSION 

The minimum light requirement for health and growth of sugarcuine 
in the experiments here reported may have been conditioned only by 



JttU. 1, 1946 


Influence of Light and Temfevature 


17 


ilie (‘ompeiisatioii point between the anabolism of photosynthesis and 
the catabolism of respiration. If the destruction was greater than 
the synthesis of carbohydrates, the plants suffered starvation as a 
result of a shortage of this type of food. It is possible, however, 
that the plants may have suffered injury as a result of direct or in- 
direct effects of limiting light intensities on such factors as other 
phases of nutrition, absorption of solutes, and transpiration, even 
when the amount of carbohydrates in the plants exceeded that 
required in respiration. 

The results of studies by McLean (5), Yap (7), and Gooding (4) 
indicate the possibility that light intensity may become too great 
during midday in the Philippine Islands and in Barbados, British 
West Indies, for the maximum rate of photosynthesis in sugarcane. 
The results of McLean obtained in the Philippines showed a maxi- 
mum rate of photosynthesis during the morning between 7:30 and 
9:30 and in the afternoon between 3:30 and 5:30 (5). Yap, working 
in the Philippines, found the maximum rate of photosynthesis between 
8 and 10 a. m., a depr(‘ssion between 10 a. m. and 2 p. m., and an 
increase between 2 and 4 p. m. It is possible, and perhaps probable, 
that tlie midday depression of the rate of photosynthesis was the 
result of indirect effects such as those produccMl by high temperatures 
and disturbed moisture relations. Yap noted that during the midday 
period there was a rolling of the tips of the leaves. He also rc'-ported 
greater i)liotosynthetic activity in young leaves, and a decreasing rate 
with fige. 

Singh and Lai (6'), working in India with sev(‘red loaves of tlu^ Reori 
variety of sugarcane at a temperature of 30° C. (86° F.) and with a 
normal carbon dioxide content of the air, found an incr(mse in the rate 
of photosvnth(‘sis with an incTease in light intensity from 90 to 1,875 
foot-candles, the highest intensity used. At an atmospheric con- 
centration of carbon dioxide and alight intensity of 1,875 foot-candles, 
there was an increase in tin*, rate of photosynthesis with a rise in 
temperature from 23° C. (73.4° F.) to 30° C. (86° F.) and an initial 
increase in rat(' with a rise Irom 30° C. to 34° C. (93.2° F.), followed 
by a d(a‘lino in rate' at 34°. 

The different responses of the varieties and species of sugarcane to 
minimum liglit requirements imply considerable practicail significance, 
especially if therci should prove to be diff(a*ent responses at higher 
light intensities to various temperatures. Such varietal differences 
would provide the basis for considerable adaptation to a particular 
climate through breeding and selection. 

SUMMARY 

The data here presented deal with the effects of different l)ut rela- 
tively low light intensities, at temperatures of 60°, 65°, 70°, 78°, and 
86° F., on the health, growth, and survival of plants of 21 varieties 
of sugarcane and 3 varieties of erianthus. 

There was a varietal response to the conditions of light and 
temperature. 

In general, the health of the plants improved and growth increased 
with an increase in light intensity at each of the temperatures. 

For each temperature there was a minimum light intensity for sur- 
vival, health, and growth; the higher the temperature the higher 
677168 — 45 8 
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that minimum became. With an increase in light intensity up to 
approximately 220 foot-candles at 65°, and to 1,750 foot-candles at 
86°, there was increased growth. At 60° and a light intensity of 
approximately 100 foot-candles the anabolic and catabolic processes 
approached a balance and the plants remained in fairly good health 
for 7 weeks, whereas under this same light intensity at 78° and 86°, 
particularly at 86°, the life of the plants was impaired and death was 
common. 

These data suggest that, for every temperature within the normal 
range of temperatures occurring naturally, a definite quota of light is 

required for maximum growth. 

% 
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THE ARGENTINE CURLY TOP OF SUGAR BEET ‘ 


By C. W. Bennett, senior patkologisty Eubanks Oarsner, senior pathologist^ 
G. H. Coons, principal pathologist^ and E. W. Bhandes, head pathologist in 
charge y Division of Sugar Plant Investigations y Bureau of Plant Industry y SoilSy 
and Aaricultural Engineering y Agricultural Research Administration, United 
States Department of Agriculture 

INTRODUCTION 

In 1925 Fawoott (Sy^ described a disease, calb‘xl encrespamiento, of 
sugar beets (Beta milgaris ]j.) in the Province of Tucumiin, Argentina. 
He reported that it produc(‘d symptoms indistinguishable from those 
caused by curly top of sugar be('ts in the western part of the United 
States. However, Fawcett (»9, 10), Henderson (16), and Severin and 
Hend(>rson (W) w(u*e imabl(‘ to find Eutetfix teneUiiH (Bak.), the v(‘ctor 
of the virus of North Annu’ican curly top, in Argentina. F'awcett 
showed that the vendor of the Argentine' curly top virus is a leafhopper 
that at different times has been identified as AceratogaUia sanguino- 
lenta (Prov.) (S) and (Agallia) Agalliana (Sill.) (10). This 

leafhopper has bei'U de'scribed more' J’ecently by Oman (18) as a dis- 
tinct specie^s, Agtilliam emlgera. 

Cui’ly top is exti’enK'ly de^structive' te) sugar beets and other crops in 
the weste'rn part of the' United State's. Ihitil the introductie)n of 
curl 3 ^-top-resistant varieties almost complete abandonment of the 
sugar-beet industry in several of the WesU'rn States was threatened 
because of this dise'.ase. 

Be'cause of the' similarity of the Argentine dise'ase to North American 
curly top and its potential e'conomic significance if introduced into 
the sugar-beet-proelucing are'as of otlu'r parts of the world, the dise'ase 
has Ix'en of considerable* inte'rest to the sugar-beet industry of the 
United State's. At diffe'rent time's eflorts have been made to obtain 
adelitioual information i*e'gareling it through dire^ct studies of eliseased 
material. On two occasions, in 1927 and again in 1937, disease'll 
plants we're obtaine'd from Tucuman and by special arrangement with 
the plant-(|uarantine authorities were brought to Washington, D. C., 
for study anel comparison with Nortl) American curly top in quaran- 
tine greenhouseis. In the se'ason of 1940-41 further studies of the 
disease were made by the senior author at tlie Estacidn Experimental 
Agricola dc Tucuman in Argentina. The^ results of all these studies 
are pr(^sonted in this paper. 
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COMPARISON OF SYMPTOMS AND TRANSMISSIBILITY OF 
ARGENTINE AND NORTH AMERICAN CURLY TOP ^ 

In 1927 plants^ of sugar beet and chard {Beta vulgaris var. cida\j.) 
affected with curly top were brought from Tucumto, Argentina, to 
Washington, D. C., and placed in a quarantine greenhouse at the 
Arlington Experiment Farm, Arlington, Va., for study in comparison 
with North American curly top. New growth from both kinds of 
plants showed leaf curling, veinlet clearing, and vein swelling indis- 
tinguishable from the symptoms that characterize the curly top 
disease in the United States. Drops of exudate were observed on 
badly diseased petioles of both the sugar-beet and the chard plants 
similar to those found on petioles of sugar-beet plants affected with 
North American curly top. Transverse sections of badly affected 
petioles sliowed vascular necrosis. Symptoms of Argentine curly top, 
in comparison with those of North Ameri<‘an curly top, are illustrated 
in figures 1 and 2. 

Tests were made in which nonviruliferous beet leafliopper-s (Eutettix 
tenellus) were caged for different periods on the diseased sugar-be(^t 
and chai-d plants receivc^d from Argentimi and were later transferred 
to small sugar-beet plants. As shown in table 1, where the results of 
these tests are summariz<‘d, no infection was obtained, although a 
high percentage of the check plants on wdii(‘h leafhoppers from plants 
affected with North American cniiy top were caged became infected. 
Plants from one of these tests, illustrating the results obtained with 
leafhoppers that had fed on diseased Argentine and North American 
plants, respectively, are showui in figure 3. 

A transmission test with an aphid thought to be Myzus persicae 
(Sulz.) also gave negative results. 

In 1937 a second lot of diseased plants, consisting of the sugai-beet 
variety U. S. 12 and the mangel -wurzcl {Beta vulgaris) varieties 
Yellow Tankard and Red Mammoth, was obtained from Argentina 
through the (ourtesy of G. L. Fawcett, for further experimental work in 
the quarantine greenliouse at Arlington, Va. Tliese plants showed 
all the symptoms typical of curly top in the United States, such as 
leaf curling, veinlet clearing, vein swelling, and production of exudate 
on diseased petioles, that had been observed on plants of the 1927 
importation. 


Table 1. — Results of atiempis to transmit North American curly top and Argentine 
curly top to sugar beet by nmins of Eutettix tenellus in quarantine greenhouscy 
Arlingtoriy Va,y 1927 and 1937-39 


Y car 

Discuso affecting plants on which the 
ticot lcafhopp(*rs fed 

Plants in- 
oculated by 
i moans of 
beet leaf- 
hopi>i'rs 

Plants infected 

1 027 

f North American curly top. _ 

Number 

18 

Number 

15 

Percent 

83.3 


\ Argoiiiino curly top, 

34 

0 

0 


/North American curly top 

80 

46 

57. 5 


\ Argentine curly top 

127 

0 

0 


i Experimental work performed by Eubanks Carsner, G. H. Coons, and E. W. Brandos 
4 These plants were obtained from G. L. Fawcett, of the Estacion Experimental Agrlcjola do Tucum&n, 
and were brought to Washington through the wurtesy of C. F. Hondorson, of the Bure 4 iu of Entomology 
and Plant Quarantine, U. S. Department of Agriculture. 



Jan. 1 , 1946 The Argentine Curly Top of Sugar Beet 21 



Figure 1. — A, Sugar-beet plant affected with Argentine curly top, showing 
typical leaf curling, vein swelling, and roughened under side of leaves; photo- 
graphed at Arlington, Va., 1927. B, Sugar-V^eet plant affected with North 
American curly top, showing t 3 'pical symptoms of this disease; photographed 
at Riverside, Calif., 1943. 
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IjioitRE 3.— Sugar-beet plants to which beet leafhoppers {Eutettix tenellus) 
were transferred from diseased Argentine plants; B, sugar-beet plants to which 
beet leafhoppers were transferred from diseased North American plants 
Only North American curly top was transmitted by the beet leaflioppers 
Photographed at Arlington, Va., November 29, 1927. ^ ^ 
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This material was used in further attempts to obtain transmission of 
the Argentine curly top virus by means of the beet leafhopper. Parallel 
tests were conducted in which sugar-beet plants affected with North 
American curly top were the virus source. In an extensive series of 
tests, nonviruliferous beet leafhoppers were allowed to feed on dis- 
eased plants and later were transferred to small sugar-beet plants. 
The results of these tests, also summarized in table 1, are similar to 
those obtained earlier in that no infection by the Argentine virus was 
obtained, whereas the percentage of infection was relatively high on 
control plants inoculated by means of beet leafhoppers that had fed on 
plants infected with the North American virus. 

Attempts were made also to transmit the Argentine virus by juice 
inoculation. In these tests juice was extracted from diseased beet 
leaves, diluted 1 part juice to 1 part water, and introduced into beet 
plants with about six true leaves by means of numerous punctures 
into the crowns. Small insect pins were used for making the punc- 
tures through drops of inoculum placed on the crowns. The 76 plants 
inoculated showed no infection. In a second type of test, inoculum 
was rubl)ed over tlie surface of the leaves on which carborundum had 
been sprinkled previously. The 12 plants so treated showed no 
infection. 

In 1935 and again in 1937 dried leaves were obtained from diseased 
b(»ets from Tucuman. These were ground to a powder and soaked 
overnight in distilled water. The liquid was extracted and added to an 
(‘(jual volume of 95-percent alcohol. The resulting precipitate was 
dried, mixed with 5-perc(Uit sugar solution to which 0.5 percent of 
sodium citrate was addenl, and fed to nonviruliferous beet leafhoppers, 
which W(U’e then caged singly on seedling sugar beets. Extensive tests 
were made from each of the two lots of leaves but no infection was ob- 
tained. With this technique the virus of North American curly top 
has been recoverc'd from beet leaves after they had remained dry for 
3 years (I). 

Dried leafhoppers {Agalliana ensixjera)^ sent by G. L. Fawcett 
from Tucurnan, were usenl in three' inoculation tests in November and 
I)e(‘ember 1937. One lot of the leafhoppers had been caged on a 
diseased bec't for more tlian 3 months, and another lot was collected 
from a field of comph'tely diseased beets just before mailing on 
October 29, 1937. On November 15 and 30 and December 9, dried 
leafhopp(u*s were ground in a mortar and an alcoholic precipitate was 
obtained. The precipitate was dried and suspended in 5-percent 
sugar solution. Nonviruliferous beet leafhoppers were allowed to 
feed on the suspension and then were caged singly on healthy young 
sugar beets, 88 plants being thus inoculated. None became diseased. 
Comparable tests by Bennett, not previously rc'ported, with the North 
American curly top virus and dried beet leafhoppers have shown that 
the virus could be recovered from the dried insects after 3 months. 

In January 1938, four sugar-beet plants, numbered 1 to 4 and known 
to be infected by the Argentine virus, were inoculated with North 
American curly top. Plant 1 died about the middle of February, but 
the remaining three plants were in good condition on July 10 and none 
showed any increase in severity of symptoms. On that date nonviru- 
liferous beet leafhoppers were caged on these plants and later caged 
singly on seedling beets. Eight plants inoculated from plant 2 re- 
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maiiied healthy, but five of seven and four of six plants inoculated by 
means of leafhoppers from plants 3 and 4, respectively, became 
infected. These results show that the strain of North American virus 
used was superimposed on the Argentine curly top virus in at least 
two of the four plants inoculated. 

The transmission tests conducted with the Argentine virus appear 
to have been extensive enough to permit the conclusion that this virus 
is hot transmissible by EuteUii teriellus. The failures to obtain trans- 
mission are all the more striking because of the high percentages of 
infection obtaim^d in parallel tests in which the beet leafhopper had 
access to virus of North American curly top. Hence, although the 
viruses from the two geographicial areas produce symptoms that, so 
far as observed, are indistinguishable on sugar beets, each is associ- 
ated in its geographical range with a specific leafhopper vector, and the 
vector of North American curly top virus is unable to transmit the 
Argentine virus. Whether Agalliana ensigera is unable to transmit 
North American curly top virus is not known. 

THE DISEASE IN ARGENTINA ^ 


GEOGRAPHIC DISTRIBUTION 


In 1923 Boncquct (4) described curly top on small beets at San 
Isidro, a suburb of Buenos Aires, as occurring commonly during the 
season of 1916-17. He reported also that the disease was very destruc- 
tive in beet plots in Colonia Alvear in western Argentina. 

Fawcett (8) in 1925 gave, a detailed description of encrespamieuto, 
or curly top, on sugar beet in the Province of Tucuman. 

In the season of 1926 -27 Henderson (16) found bei^ts with typical 
foliage symptoms of curly top in the Provinces of Tucuman, San Juan, 
arid Mendoza and in the Territory of La Pampa, but failed to find the 
disease in the Territory of Rio Negro. From an extensive search in 
the field and the study of inst^ct collections of museums and of ento- 
mologists, no evidence was obtained of the occurrence in Argentina of 
EuteMix temelluH, the vector of curly top virus in North Ameih^a. 

In 1939 A. M. Ofi’ermann collected Agalliana ensigera on sugar 
lieets near Conesa, Rio Negro, and found that when these insects 
were placed on sugar beets at the Government experimental station 
at Jose C. Paz the beets developed curly top.® 

A colony of these insects, kindly supplied by A. M. Offermaim, was 
taken to TucumA^n in September 1940 and tested on sugar-beet 
seedlings of the varieties R. & G. Old Type, U. S.^ 11, U. S. 12, and 
8. L.^ 68. Plants of these four varieties proved to be susceptible to 
infection and developed symptoms indistinguishable from those pro- 
duced on the same varieties by Agallmna ensigera collected at Tucu- 
man. These results indicate clearly that the virus is prt'sent in the 
lower Rio Negro Valley. However, a careful search for the disease in 


4 Experimental work wa.^3rformed by C. W. Bennett. Appreciation is expreSvSed to Dr. Wm. E Cross 
Director of the Est^ci6n Experimental Agricola do Tncuinfin, for facilities provided during the course 
of this work. Indebtedness to Ing. 0. L. Fawcett, pathologist, Mr. Kenneth J, Hayward, entomologist. 
Jng- Enrique F. Schultz, subdirector and horticulturist, Ing. Isaac Manoff, chemist, and Ing G A Krei- 
bohm do la Vega, cotton specialist, is acknowledged for much valuable assistance while the work was in 
progress. 

• Unpublished information TOinmunicated to 0. W. Bennett by Ing. Alfredo M. Offermann, pathologist. 
Mlnisterio ae Agricultura, Buenos Aires, Argentina. 

7 Varieties released for commercial use by the Bureau of Plant Industry, Soils, and Agricultural Engi- 
PMd’&ltorTstSalt mah! maintained at the U. 8. Sugar Plant 
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beet plantings, from January 12 to February 3, 1941, in the valley of 
the lower Rio Negro, revealed no infected plants, although the vector 
{A, ensigera) was found in small numbers. 

There is evidence, therefore, that the disease is rather widely 
distributed over the larger part of Argentina north of the Rio Negro. 
Henderson (16) failed to find the disease in 1928 at La Sierra, Uruguay, 
and inspections of extensive acreages by the senior author in this same 
area in February 1941 revealed no evidence of curly top. 

Sugar beets are not grown commercially in the Province of Tucu- 
mto. In and near the city of Tucuman the disease was found only in 
the vicinity of the Estacidn Experimental Agricola de Tucuman. A 
plot of mangel-wurzels planted in April 1940 was inoculated by G. L. 
Fawcett by means of viruliferous leafhoppers from stock colonies. 
This plot provided an excellent source of leaflioppers and virus for 
infection of plants in adjacent areas. Spread, however, was not 
extensive, and no diseased plants were found at a distance greater than 
one-half mile from the plot. 

wSearch was made for curly top in a number of localities in the 
Province of Tucuman. Native vegetation and cultivated plants were 
examined at Tafl Viejo, Lules, Ingenio Concepcidn, Ingenio Bella 
Vista, and a number of places in the immediate' vicinity of the city of 
Tuciim^in. In eacli of these place's it was found that beets and other 
plants known to be susceptible to curly top were grown only to a 
limited extent. One short ro^v of red garden beets (Beta vulgaris) was 
found north of Tafi Vie'jo, and anotheu* planting of about 25 plants 
was found south of Lules; but no curly top was observed at either place. 
The scarcity of types of plants on which enirly top could be recognized 
made it difficult to obtain information regarding the distribution of 
tlie virus, and it was not possible to determine the extent to which 
virus is able to spiH'ad from native or escaped plants to cultivated 
plants under natural conditions. 

HOST RANGE 

Plants Infected Natttrally 

In Argc'ntina curly top has been reported on sugar beet (8) and 
tomato (Ly coper sicon esculentum Mill.) (11), As will be seen later, 
however, there is some doubt as to the identity of the tomato disease 
considered to be (Uirly top. 

From October 11, 1940, to February 10, 1941, curly top w^as found 
under field conditions on mangel-wurzel var. Golden Globe, red 
gardc'U beet, and four varieties of sugar beet planted at the Estacidn 
Experimental Agricola de Tucuman. The disease was found also on 
one plant of a species of Physalis and symptoms resembling those of 
curly top as it occurs in the tlnited States were noted on two plants of 
cultivated petunia (X Petunia hyhrida Vilm.). 

No symptoms completely typical of curly top were found on tomato, 
although several small plots of tomatoes w^ere abundantly exposed to 
infection. One plot in particular was adjacent to a plot of l)adly 
diseased mangel-wurzels, as shown in figure 4, and the vector of curly 
top was abundant on mangel-wmrzels throughout October, November, 
and December, 1940. Since all the mangel-wurzels, and later a high 
percentage of sugar beets in an adjacent plot, had curly top, coilditions 
for transfer of the virus from mangel-wurzel and beet to tomato 
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Figi'HK 4. — Plot of badly diseased iiiangel-wurzels adjacent to a plot of tomatoes. 
Although leaf hoppers {Agalliana emigerQ) were abundant on the inangel- 
wurzcls during most of the season of i94(K41, no curly top was observed on 
the tomatoes. Photographed at Tucunutri, Argentina, December 1940. 


appeared excellent. However, none of the tomato plants showed 
symptoms of curly top at any time. 

It is not impossible that strains of curly top virus able to attack 
tomatoes occur in Argentina despite the fact that none was discovered 
in the field or through tests with leafhoppers. It seems probable, how- 
ever, that the disease reported earlier as curly top on tomato is another 
virus disease that produces symptoms resembling curly top as it is 
known on tomato in the United States. Fawcett {12) has sliown 
recently that the causal virus of this Argentine tomato disease is 
transmitted by thrips {Frankliniella j)au(ns])inosa Moult.), 

The tomato disease was present in a number of fields in the vicinity 
of Tucumdn and was found in the lower Rio Negro Valley. Leaves 
of affected plants rolled and turned yellow, and in some instances the 
plants died. In the early stages, however, there were necrotic spots 
on the young leaves but veinlet clearing was absent. Fawcett {12) is 
of the opinion that this disease is a type of spotted wilt. 

Attempts by the senior author to transmit the disease from tomato 
to sugar beet by means of AgaUiana ehsigera resulted in no infection. 
Juice inoculation from tomato to Nicjotiana glutinosa L., N. tabacum 
L. var. Turkish, and X Petunia hybrida also resulted in no infection. 
Fawcett {13) was unable to transmit the disease to Datura stramonium 
L. by means of grafts. Spotted wilt virus is reported to cause local 
lesions on the first three of these species and to cause systemic infection 
on D. stramonium. The general symptoms on tomato, the properties 
of the virus as determined by Fawcett, and the vector relationship 
indicate, however, that it may be a strain of the spotted wilt virus, 
perhaps different from any yet described from other parts of the world. 
This virus produces a serious disease (corcova) of tobacco in the 
Province of Tucumdn. 

Jf this disease of tomato is caused by a strain of the spotted wilt 
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virus, it is of interest to note that what is now believed to be the same 
trouble was described by Fawcett {11) in 1930, the year that Samuel, 
Bald, and Pittman {19) reported the virus nature of spotted wilt in 
Australia. FawcetPs record, therefore, would be evidence of con- 
temporaneous occurrence of spotted wilt in the Western Hemisphere. 

Plants Infected Experimentally 

Tests were made on a number of spe^icies and varieties of plants to 
determine their susceptibility to the curly top virus found at Tucum^n. 
In order to provide a better basis for comparing the North American 
and the Argentine curly top, several plants were selected whose re- 
action to curly top as it occurs in the Ignited States was already 
known. 

Th(* plants testinl w(‘re grown in pots under cloth cages. Some of 
the inoculations were made by means of viruliferous Agalliana ensigera 
reared on diseased beets in cages, and others by means of leafhoppers 
captured on diseased plants in the field. In general, except on seed- 
ling beets on which one leafhopper per plant was used, relatively large 
numbers of insects were placed on each plant, and most of the plants 
were inoculated several time's by means of insects from different 
sources. The spe(‘ies and varieties of plants inoculated and the results 
obtained are shown in table 2. 

Infection was obtained on all the beet varieties, but the percentages 
of infection were not so high as those usually obtained with Kntettix 
teneJlus and a virulent strain of North American curly top virus. 

No infection was obtained on tomato, although large numbers of leaf- 
hoppers wer(‘ used and the plants were inoculated repeatedly by means 
of leafhoppers from stock colonies as well as leafhoppers from diseased 
mang('l-wurzels and sugar beets in the field. As reported by Fawcett 
(f I), young leaves of inoculated plants w’^ere rolled, especially on plants 
on wliich large numbers of leafhoppers were plai'cd. When the h'af- 
hoppers were removed, however, the plants produced normal leaves. 
The variety of tomato (Manzana) used in these tests w^as later tested 
at Riverside, Calif., and found to be susceptible to North American 
curly top. 


Table 2,—~Hesulis of inoculation of different species and varieties of plants with 
Argentine curly top virus hy means of Agalliana ensigera 


Species or variety inoculated 

Leafhoppers 
oaped on each 
plant 

Plants in- 
oculated 

Plant.s infected 

Beta vulgark var. S. L. 08 _ 

Number 

1 

Number 

78 

Number 

8 

Percent 

10 

Beta vulgar i8 var. U . S. 11 

1 

31 

13 

42 

Beta vulgaris var. IJ. S. 12 - 

1 

21 

11 

52 

Beta vulgaris var. R. (1. Old Type*. 

1 

40 

10 

40 

Beta vulgaris var. 8. L, 842 - - 

1 

42 

10 

24 

Nicotiana tahacum var. Turk ish 

25-5(10 

20 

0 

0 

Lycopersicon esculentum var. Manzana 

' 10-500 

29 

0 

0 

X Petunia hybrida, Rosy Morn type - 

! 51>-2(K) 

10 

0 

0 

Nicotiana glutinosa . 

! 2&-100 

12 

0 

0 

Datura stramonium - 

2 -r»o 

15 

0 

0 

Datura meteloides DC - 

50 

10 

0 

0 

Capsicum frtUescens L 

15-100 

2 

0 

0 

Arachis hypogaea L 

25-100 

12 

0 

0 

Physalis sp 

100 

2 

0 

0 

Amaranthus sp 

10-100 

12 

0 

0 

Stellaria media (L.) Cyr 

10 

53 

27 

61 

Zinnia elegans .Tacq 

Phaseolus vulgaris L 

2-100 

10 

1 

10 

50 

11 

0 

0 
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Other members of the family Solanaceae also appeared to be resist- 
ant or immune. Of the species of this family tested^ Nicotiam taba- 
cum var. Turkish, N. glutinosa, Datura stramonium^ and X Petunia 
hybrida are susceptible to North American curly top and D. meteloides 
is resistant or immune. Evidence already mentioned, however, indi- 
cates that petunia and a species of Physalis sometimes Decoine infected 
mider natural conditions in Argentina. 

Attempts were made to infect tobacco by means of grafts. In the 
first of these, sections cut from stems of two petunia plants that 
showed symptoms identical with those found on petunia in the United 
States when infected by curly top were inserted into the stems of five 
Ambalema tobacco plants. Four of the scions soon died, but the fifth 
lived for more than 5 weeks and produced a small amount of growth. 
No symptoms were produced on any of the inoculated plant/S. In a 
second test, sections of the stem of a plant of Physalis sp., known to 
have curly top virus through tests witii leafhoppers, were grafted into 
the stems of five Turkish tobacco plants. The scions remained alive 
for more than 3 weeks, but no infection was produced. 

Zinnia elegans appears to be very resistant to infection, since only 1 
of 10 plants, each inoculated by means of large numbers of leafhoppers, 
became infected. In other tests leafhoppers placed on large numbers 
of seydlings in the open produced no infection. Chickweed {Stellaria 
media) appears to be relatively susceptible, although infection was low 
as compared with that normally obtained with North American curly 
top virus. 

DESCRIPTION OF SYMPTOMS ON VARIOUS HOSTS 
Sugar Beet 

After the inoculation of cotyledon-stage sugar beets with Argentine 
curly top by means of Agalliana ensigera^ symptoms appeared on the 
young leaves in 4 to 10 days. The first symptoms consisted of veinlet 
clearing, vein swelling, and leaf rolling. In some cases, rolling and 
twisting of leaves were very marked even on the varieties IT. S. 11 and 
U. S. 12, resistant to North American curly top. However, severely 
diseased seedlings were not killed and as they continued to grow the 
symptoms became progressively less severe. Figure 5, Ay shows 
plants of the varieties R. & G. Old Type, IT. S. 12, and U. S. 11 in- 
oculated in the seedling stage but partially recovered. U. S. 12 and 
U. S. 11 show the most marked evidence of recovery; the symptoms 
on R. & G. Old Type are still rather severe. Figure 5, B, shows the 
plants at a later stage. 

Plants inoculated when they had 8 to 10 true leaves also showed 
severe primary symptoms. The first affected leaves were curled, 
veinlets were translucent, and the petioles were shorter than on 
healtliy plants. Phloem exudate was abundant on the petioles and 
main veins of the leaves in many cases. Later growth was more nor- 
mal in appearance and, with the exception of the varieties R. & G. 
Old Type and S. L. 842, all recovered to such an extent that they 
showed only veinlet clearing in the youi:^er heaves and slight vein 
swelling in the older ones. Even on R. & G. Old Type and S. L. 842, 
the leaves were almost normal in size and shape, but vein swelling 
was conspicuous and protuberances and spiny outgi'owths from the 
veins were common. This type of recovery was characteristic of the 



FiciURK 5 .^ — Af Sugar-beet i)laiits, severely affected with Argentine curly top 
after inoculation in the cotyledon stage, showing distinct evidence of recovery: 
a, R. & G. Old Type; h, U. 8. 12; c, U. 8. 11. B, Same plants at a still later 
stage of development. U. B. 12 (h) and U. 8. 11 (r) have almost completely 
recovered from the effects of the disease; R. <fe G. Old Type (a) shows only 
veinlet clearing and vein swelling. Photographed at Tucurn^n, Argentina, 
1941. 

regular course of the disease on sugar beet as it; was observed on 
plants in pots and in the field. In contrast, plants affected with 
North American curly top, at least those of susceptible varieties, 
show little or no evidence of recovery after infection. 

In recently infected beets, phloem necrosis was as charaoteristic 
and marked in plants affected with Argentine curly top as it is in those 
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affected with North American curly top. Necrosis was especially 
evident in the petioles and larger veins of recently infected plants. 
Microscopic examinations of transverse sections of petioles revealed 
blackened phloem areas in which many of the cells had collapsed. 
Later there was evidence of tissue regeneration similar to that de- 
scribed by Esau (7) in plants affected with North American curly top. 
Phloem necrosis was marked in roots of all ages in the field and 
under cages. In the larger beets rings of blackened phloem were 
evident but rings produced as the plants recovered were less con- 
spicuous. Severity of vascular necrosis appeared to be more or less 
correlated with severity of leaf symptoms, 

Mangel-Wurzel 

Diseased mangel-wuracls of the Golden Globe variety, planted and 
inoculated by G. L. Fawcett, were available for study in October 1940. 
At that time the plants were small to medium, with roots 1 to 3 inches 
in diameter, and gave evidence of having been infected when relatively 
small. There was much variation in severity of symptoms on the 
different plants. Some were severely stunted, with leaves rolled and 
crinkled and petioles shortened. Exudate was present on the petioles 
of many of the younger leaves. When tli(». plants were removed from 
the soil, it was observed that rnany^of the rootlets had died and others 
had pushed out, producing a buncliy appearaiu'e similar to that found 
frequently on beets affected with curly top in the United States. In 
some plants transverse sections of the roots revealed dark rings mark- 
ing necrOwSis in the vascular regions. Vascular necrosis appeared to 
be more marked in the region of the crown than in other parts of the 
root, but in the specimens examined necrosis was not ex(*essive and in 
many specimens it was not clearly evident. Necrosis was observed 
also in the region of the phloem in petioles of the more severely affected 
leaves. 

Some of the plants were mildly affected and appeared normal in 
size and general appearance. All these plants, however, showed more 
or less distinct vein swelling on the older loaves and veinlet clearing 
on the younger ones. Usually, necrosis was not evident in the phloem 
of roots and petioles of plants of this type. Between these two ex- 
tremes there were many plants showing various degrees of injury. 

Petunia 

On two plants of petunia believed to be naturally affected with curly 
top, the leaves were yellow and curled. Some were distorted and 
twisted, and the younger ones showed distinct veinlet translucency. 
Veins of older leaves were conspicuously swollen. Vein swelling and 
distortion of tissues were evident also on the corolla and calyx. The 
plants eventually yellowed and died. 

Physalis 

The young leaves of all the growing points of a large physalis plant 
found naturally infected were distinctly curled and criidded. The 
youngest leaves had clearly defined translucent veinlets. Growth of 
all shoots was much retarded. 
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Zinnia 

Primary symptoms on zimiia consisted of veinlet clearing and rolling 
of the younger leaves, followed by vein swelling. Growth of the ter- 
minal of the one plant observed was much reduced, but the plant even- 
tually flowered (fig. 6). The first blossom was small, the color was 


Figure 0 . — Zinnia plant in- 
fected with Argentine 
curly top by exposure to 
viruliferous Agalliana cn- 
sigera at Tucuniiln, Argen- 
tina. 



partly suppiessed, and the petals were reduced in size and distorted 
and showed distinct vein swellings. Lateral buds grew into shoots 
that were at first much distorted, with leaves small and curled. The 
shoots later recovered to a considerable degree and the blossoms were 
more nearly normal. 

Chickweed 


Only the early stages of the disease on chickweed were obsei*ved. 
Young leaves developed distinct veinlet clearing in periods of from 5 to 
8 days after inocuilation. As the leaves of afiected plants continued 
to grow they became puckered or curled and twisted. Prominent 
swollen areas were produced on the veins. The tips of the shoots be- 
came distorted and frequently turned downward, and growth was 
much retarded. 

VARIETAL RESISTANCE OF SUGAR BEETS 

Limited tests were made to determine the relative resistance of the 
sugar-beet varieties S. L. 68, U. S. 11, and U. S. 12, known to be re- 
sistant to North American curly top, and R. & G. Old Type and S. L. 
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842, known to be very susceptible to North American curly top. In 
the tests with potted plants of these varieties, seedlinp were inoculated 
by placing one viruliferous Agalliana emigera on each plant and allow- 
ing the insects to feed for 3 days. All inoculated plants were kept in 
cloth cages until final results were recorded. The results of a series 
of tests are shown in table 3. 


Table 3. — Results of tests to determine relative susceptibility of varieties of sugar 

beet to Argentine curly top 


Test No. 

Plants Inoculated * 

% 

I’lants infected 


Variety 

Number 

Number 

I’ercent 


/s. L. m _ 

19 

2 

11 


IR. & G. Old Type 

15 

4 

27 


/U.S. 11 

12 

7 

.58 


UJ. S. 12 

12 

5 

42 

1 

rs. L, 08 

38 

5 

13 


IS. L. 842 . ... . , 

21 

4 

19 


fS. L. 08 

21 

1 

5 


U. S. 11 

19 

0 

32 


iU.S.12 

19 

0 

32 


R. & G. Old TviX‘. .. . 

25 

12 

48 


Is. L. 842 

21 

0 

29 


' All plants were inoculated in the cotyledon stage by idacing 1 viniliferous leafhopper on each plant and 
allowing it to feed for 3 days. ~ 


The same varieties, except wS. L. 842, were planted for the field tests 
October 24 in a plot adjacent to rows of mangehwiirzels infechHl 
with curly top and heavily infested by Agalliana ermgera. (h^rmi- 
nation of seed was excellent, and an almost perfect stand of plants was 
obtained. Leafhoppers b(*gan to migrate to this planting as soon as 
the first seedlings were through the soil, and leafhoppers continued to 
be present in considerable numbers throughout the time the plot was 
under observation. vSymptoms of curly top began to appear on many 
of the j)lant8 with the production of the first true lea ves. The disease 
continued to spread, and soon after the plants were thinned on No- 
vember 24 all varieties, (‘xcept S. L. 68, showed a high pt‘r(;entage of 
infection. The results of counts of diseased plants made on different 
dates are shown in table 4. 

In the earlier stages of the disease, U. S. 11 showed the highest 
percentage of infection, probably because it was closest to the &dly 
diseased rnangel-wurzels that served as the principal source of in- 
fection. 


Table 4. — Percentage of curly-top-diseased plants found in varieties of sugar beet 
in plots at Tucumdn, Argentina, on the indicated dates 

fBoets planted October 24, 1940] 


Variety 

Plants showing symptoms of curly top on- 

- 

Nov, 12 

Nov, 18 

i 

Dec. 2 

Dec. 10 

Jan. 7 

Feb. 8 


Percent 

Percent 

Percent 

Percent 

Percent 

Percent 

U.S. u ; 

5 

22 

68 

95 

1(K3 

81 

R, A G. Old Type 

1 

9 

56 

94 

100 

100 

S.L.68 * 

Trace 

Trace j 

8 

17 

82 

43 

U. 8.12-,.,.,. 

Trace 

1 

41 

86 

100 

89 
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The ('arly symptoms were severe on seedlings of all varieties. 
Leaves were much distor-ted, and tlu' younger ones sliowed marked 
veinlet transliieency. Symi)toms were almost, as severe on IT. S. 11 
and IT. S. 12 as on R. & G. Old Type, but they wer(* somewhat less 
severe from the beginning on S. L. 08. Symptoms continued severe 
until thinning tiun*, November 24. After the plants were thinn(*d, 
growth was very rapid and by December 16 ther(‘ was a marked differ- 
ence in th(^ appearaiK'e of the diffenuit varieties. Most of tlie plants 
of S. L. 68 had recovered to an appr(‘ciable d(‘gree, the symptoms con- 
sisting of slight, vein swelling and in some cases a tendency toward 
crinklijig of leavc's. U. S. 11 and IT. S. 12 also had recovered to a 
marked degree. The* three rows of R. & G. Old Type were l)eginning 
to r(>(‘over, but the foliage^ was somewhat yedlower than that of IT. S. 
1 1 and II. 8. 12 and more of the lower leaves of the plants of this vari- 
ety were dying. On Deceunlx^' 17 a hot wind bl(*w for sevei-al hoiu’s, 
and it was obsc'rved that the plants of R. & (h Old Type wilted more 
tluin those of the otlier varieties. Ilowevej’, a ])hotograph taken 
.December 16 (fig. 7) showed litth' differenct' in the size of plants of 
tlie differcuit varieties. 



t'Ku: RE 7. — Plot at Tucunuln, Argentina, in which North American varieties of 
sugar beet were tested for resistance to Argentine curly top. At the extreme 
right,, a.nd only ])artly in view, are large plants of diseased mangel-wurzels (a) 
that furnished the inoculum for the sugar beets. U. S. 11 (b), resistant to North 
American curly top, occupied three rows to the left of the mangel-w'urzels. 
The next three rows to the left are R. & G. Old Type (c), susceptible to North 
American curly top; farther to the left are the resistant varieties (d) IT. S. 12 
and 8. L. 68. In this stage, plants of the different varieties differed little in 
size. However, symptoms consisting of veinlet clearing, vein swelling, slight 
leaf rolling, and ytdlowing of the older leaves were most marked in H. G. Old 
Type plants. Under similar conditions of infection with North American 
curly top, the difference in size between resistant and susceptible plants would 
be much greater. Photographed December 16, 1940, 
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By January 7, after 2 weeks of hot, dry weather, approximately 20 
percent of the plants of all varieties had died. Plants apparently 
healthy wilted suddenly and when pulled were found to have rot on 
the lower portion of the main root. This trouble was apparently 
distinct from curly top, but the cause was not determined. 

At this time, R. & G. Old Type definitely showed more severe symp- 
toms of curly top than tlie ot)ier varieties. The petioles of plants of 
this variety were slightly but not markedly shortened, the leaves 
were rolled in some inants, and protuberances and spiny outgrowths 
were common. There was considerable variation in the severity of 
th(> disease on differtuit plants, and this was true also of U. S. 11 and 
IJ. S. 12. There was little difference in the average size of plants of 
the diflcrent varieth^s. 

During January tlK'se- plants were severtJy attacked by leaf spot 
caused by (Wcospora hfJicola Sacc., and by February 8 many of the 
older leaves had been killed by this disease. However, the plants had 
continued to re(‘over from tlie efl'ects of (‘urly top. Symptoms wei-e 
indistinct on S. L. GS, and many of the infe<ded plants showed no 
clearly defined symptoms. This was true also for II. S. 11 and II. S, 
12, but to a lesser degree. Certain plants of these latter varieties 
had (‘learly defined but rather mild vein swelling, but there was no 
evi(lenc(* that the disease had interfered appreciably with growth. 
V(Mn swelling and general roughness of leaves were evident on most of 
the plants of R. & G. Old Type, but there was little evidence of pro- 
duction of leaves with short petioles or of stunting of the plants. 
Typical diseased plants of R. A G. Old Type and of IJ. S. 1 1 are shown 
in figure 8. 

The results of observation of the plants in this plot, together with 
those made on seedling beets in pots, indicate that of the varieties 
tested S. L. 68 showed the most resistance, followed by IT. S. 11 and 
U. S. 12. R. & G. Old Type was the most susceptible. This is the 
order in which these varieties stand in their resistance to curly top 
in the United States. 

THE VECTOR 

Chaka(’teri.stic.s, Distribution, and Host Hanoe 

The leafliopper Agalliana ensUjera, vector of the curly top virus in 
Argentina, is about the size of Eutettix tenelluSy vector of North 
American curly top virus, whi(*h it resembles in many of its (diarac- 
teristics and habits. The males are srnalh'r and darker than th(‘ 
fcvmahrs. The nymphs liatch from eggs in about 9 days at a temper- 
ature of 100° F. and develop into adults in about 25 days at this 
timiperature. Like E. tenellus, this inseid has a high teinperaturi^ 
optimum for development. The nymphs are somewhat more slug- 
gisli than those of E. tenelluSj and when disturbed usually run to the 
opposite side of the stem or leaf instead of jumping. Adults usually 
fly when disturbed. When confined in cages or tubes, they often 
make a distinctly audible buzzing sound with their wings. 

The favorite host plant appears to be the beet. Eggs are laid in 
beet plants in gi*eat numbei*s, and colonies totaling a thousand or more 
individuals may be ri^ared on a single large plant. In the Province 
of TucumAn, the insect was found to be abundant where beets of any 
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Figure 8. — Reaction of two varieties of sugar beet to Argentine curly top. The 
plants were of the same age and were similarly inoculated. A, R- ^ f*- Old 
Type, showing vein swelling and rugose leaves; B, U. S, 11, showing almost 
no symptoms of curly top. Photographed at Tucumdn, Argentina, 1941. 
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kind were growing. In the vicinity of l)e(‘t plantings, tli(‘ insoct was 
found on two species of Amararithus, on one species of Portulaca, and 
on Datura stramonium^ 7Anmaa elegans^ and Chenopodhmi album L. 
It was not. found on any of tlie native slirubs or on plants outside^ 
the cultivated areas. 

In the lower Kfo Negro Valh^y the leafhopper was very scarce dur- 
ing the month of February 1941, but small numbers w(»re found on 
sugar beets. In this region plants of Russian-thistle {Salsola kali ]j. 
var. ienuifolia Tauseh.), alfileria (Erodium cimtmium L’Her.), 
Chenopodium spp., and mustards were abundant in th(‘ plantings of 
beets and in areas adjacent. Apparently none of these harbor(‘d tln^ 
insect to any appreciable extent. The leafhopper was not ca])tur(‘d 
on any of the native vegetation outside the cultivated area. 

The leafhoppcii* breeds readily on mangc'l-wurzi^l and rt‘d gaiclen 
beet as well as on sugar beet. It is able to hrc'cd also on Amaranthus 
spp., Datura stramonium^ D. meteloides^ and Zinnia elegans^ and to a 
limited extent on Chenopodium album. Of these plants, only mangi^- 
wurzel, beet, and Amaranthus spp. appeared to be important in main- 
taining the leafhoppcu* population observed at Tuciiman. A])i)ar- 
ently the inse(d. is unal)le to breed on tobacco and tomato. 

The native hosts of Agalliana ensigem in Argcuitina are unknown. 
The beet is an introduced plant and is grown to only a very limitc'd 
extent in the Province of Tucumdn. It seems ])robabh^ that it is of 
little importance in determining tln^ survival of the haifhopptvr, 
though it may be of considerable importance in bringing al)out great 
local increases in ])opulations of the insect. It scams piobable that 
the natural liost plants may not l)e sufficiently favorable to suf)port 
a large population of the insect but are abh', to provide only for its 
survival at a relativcJy low population level. Obviously, a more 
complete knowledge of tlie host range of A. ensigera might opeji 
avenut^s for study of the reservoirs oi the curly top virus in Argentina. 

Ffjeding Habits in Relation to Curly Top Transmission 

Although Agalliana ensigera may be found in fcR'ding position on 
all exposcMl parts of the beet plant, it is commonly found on tin* 
smaller leaves and along the two edges of th(‘ petioles of th(‘ larger 
leaves. Evidence indicates that it feeds by preference' on the vascu- 
lar bundles. 

Microscopic examination of transverse sections of petioles on which 
large numbers of leafhoppers had fed revealed many clearly evident 
feeding punctures. These were marked by yellowish deposits of 
saliva. In many cases tlie line of puncture extended from the cpider. 
mis directly to a vascular bundle and terminated in the ])hlcom- 
Deposits of salivary material were evident in tlie phloem and in tissiu's 
outside the phloem. 

The punctures extended directly through the cell walls and proto- 
plasmic content, but the punctured cells appeared to suffer no im- 
mediate ill effects. The linos of puncture were straight except where 
they curved to enter the vascular bundles. They were marked l)y 
thin and not always continuous sheaths of salivary material introduced 
by the leafhoppers. Judging from the sections of bet^t pctioh> (ex- 
amined, it seems probable that Agallmna ensigera introduces h'ss 
salivary material into the plant than doc's Eutettix tenellus under 
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similar conditjoiis of feodin^. When the leafhopper fed on the 
petioles of yoiin^ lcav(‘s, drops of clear liquid often appeared above 
the piinetures after tlie mouth parts were withdrawn. Possibly this 
may hav(» been due to the introduction of saliva insufRcient to plug 
1 ‘ffectively tlu'- punctui'e made in feeding. If the lines of puncture 
were jilugged iiu’.ompletely by coagulated saliva introduced by the 
insect, it might lie expected that, since the phloem content is under a 
positive prc^ssure, liquid cnntent of the phloem would flow out through 
the hoh'S mad(‘ by. the mouth parts of the insect. This might be true 
(‘spc'cially if the sheath passing througli the parenchyma were more or 
l('ss comjilete and if tlie c^nd entering the phloem were open. 

In a study of some of the iiroperties of tlie virus the ability of the 
leafho])]i(U' to feed on liquids through a membrane was testeci before 
metliods of artificial feeding were used. The first tests were made 
with drojis of sugar solution placed on the oiitcu* surface of Baudruche 
ea])]ung skin covering one end of a cage in whi(di the ins(‘cts were 
confined. A T‘ath(‘r thick grade of capping skin was uscxl in these 
t (‘sts. The leafhoppers w(U*e able to locate the drops of sugar solution, 
but it was ('vident that they had great difficulty in penetrating the 
cajiping skin. After finding the drops they extended their legs as if 
to obtain a firmer footing, placed their proboscises in contact with the 
nn'mlirane, and movcHl their hcnids as if attempting to force th(^ mouth 
])arts tlirough the nnmlirane. With the* thinner capping skin em- 
ployc'd lat('r, it was found that some of the leafhoppers w^ctc able to 
p(‘netrate tlie imunbraiK'. In a few- instancevs, mouth jiarts could be 
s(‘('n clearly in the diops of sugar solution below’ the nnmbrane, 
Ilow('ver, th(‘ leafhoppers wn^re resth^ss and the mortality in a 2- to 
4-hour period at 100° F. (37.8° C.) was very high. 

In furtln'T tests, the ca])ping skin wnis rc^jlaeed by lens paper 
lightly imi)r(‘gnated w ith paraffin. The leafhopjKirs fed much more 
j‘(‘a(lily through this type of membrane than through capping skin. 
For b(‘st r(‘sults, how ever, it was ne(*essary to have just enough paraf- 
fin to ])revent wett ing of the paper but not (vnough to completely fill 
all the interstices. The leafhoppers did not naidily jienetrate paraffin 
films l)ut fed through openings in the paper not closed by the paj*affiii. 
With this kind of membrane, the leafhopp(‘rs fed riaisonably wudl and, 
witli most of th('- food mat('i’ials used, remained alive thioughout a 
fiM'ding j)(U*iod of 4 to (i hours at a temperature W (41 aliove 100° F. 

WluMi the setae of EuU tf l ' ti ncUus p(‘n(‘trate a membrane and ('nt(u- 
a liquid, a salivary secri'tion flows out of tlu^ tips of the seta(\ iximu'- 
diat(4y gels, and forms a sheath around the mouth parts. Usually, 
by i‘epeated probing and (‘mission of more salivary se(T(‘tion, an 
appreciable deposit of coagulated material is built up. Deposits of 
this type are visible under low^ magnification and may be seen also in 
clear liquids by the unaided eye. 

Drops of sugar solution on which individuals of Agalliana ensigera 
were feeding wu‘re w^at(*hed under a hand lens, and pem'tration of the 
drops by th(‘ mouth parts of many hmfhoppers w as obserctai. These 
observations, howawer, did not r(‘veal the pr(‘sen(‘e of any coagulable 
material in the vicinity of the mouth parts. When the setae enten^d 
the liquid they came tlirough the membraiie free of any indication 
of introduced material, and throughout the feeding periods the setae 
remaiiH^d naked in the liquid. Moreoviu', no deposits of salivary 
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material were found in drops on which the leafhoppers had fed for 
4 to 6 hours. As already stated, however, deposits of salivary sc'cre- 
tions were found in the plant tissues in whi(‘h the leaf hopper fed. 
This of course shows that A. ensigera does produce salivary sec^retions 
that are emitt(Hl and that coagulate in plant tissue. Failure to observe 
such deposits in sugar solutions indicates that for some reason tlu' leaf- 
hopper introduces little, if any, coagulable salivary secretions when 
feeding on such liquids. 

The evidence indicates that leafhoppers introduce the virus into 
plants through the medium of the coagulable saliva. This has not 
Ix'en proved definitely, but it is significant that in the (‘ase of all leaf- 
hoppei* vectors on which information is available coagulated salivary 
se<*i*etions have b(>en found in the infected plants. Smith (^1) showed 
that liquids on which Euiettix tenellus fed contained free curly top 
virus that (‘ould be picked up by nonviruliferous leaflioppers. Wh(‘ther 
this was introduced into tlie liquids free of the coagulable saliva or 
was introduced with it and later diffused out of the coagulum into the 
surrounding medium was not determined. 

Since Agalliana ensigera. apparently does not introduce coagulable* 
saliva into sugar solutions, experiments were made to deteuinine 
whether this insect also fails to introduce virus into such solutions. In 
th(*s(* tests virulifej’ous individuals were allowed to feenl on drops of 
sugar solution through a membrane for about 1 hour. The drops 
were then transferred to a second membrane through which non- 
viruJiferous leafhoppers fed for about 4 hours. The leaflioppers of 
this second lot W(*re then caged singly on seedling beets. The results 
of thes(*. tests are presented in table 5, together with results of similar 
tests made at Kiverside, Calif., with Euiettix tenellus and the North 
American curly top virus. It may be noted that no inf(*(*tion was 
obtained from the liquids on which viruliferous A, ensigera had f('d, 
whereas relatively high pcTcentages of inf(*ction wer("!obtained frotn 
li(|uids on which viruliferous E. tenellus had f(‘d. 


Table 5. — Remits of tests to determine whether viruses of North American curly 
top and Argentine curly top are introduced into sugar solutions during the feeding 
of viruliferous individuals of Euiettix tenellus and Agalliana. ensigera^ respectively 


SrK'cies of leafhopper tested 

'Pest No. 

TMants in- 
oculat(‘d ' 

Plants infected 



Number 

Number 

Percent 


( 1 

12 

0 

0 

Agalliana ensigera ^ , „ 


14 

0 

0 


1 3 

fi 

0 

0 


1 1 

20 

11 

hh 

Kuteltix tenellus 3 . 


19 

9 

47 


1 3 

20 

14 

70 


» Nonviruliferous U^afhopiMTs of each species, fed on sugar Kolutions on which virulif(Tou.s leafhopiK^rs of 
the same siK'cies had TMTovlously fed, were allowed to feed on the test sugar-beet i)lants. 
a Tested at Tucuman, Argentina, November 1940. 

3 T<‘stod at Riverside, Calif., April 1939. 

Although the tests with Agalliana ensigera are somewhat limited, 
the apparent absence of virus from the liquids in which no (joagulated 
salivary deposits were observed is further indication that the introduc- 
tion of virus into a medium by a leafhopper is associated with the 
introduction of coagulable salivary secretions. If virus is introduced 
into plants directly with the coagulable saliva the quantity of virus 
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would tend to bo proportional to tlu* amount of saliva introduced in 
insect feeding. Since it secerns probable, on the basis of observations 
so far made, that A, ermgera introduces less coagulable saliva into the 
})lant than does Eutettix tenelluH, this may i)e a factor influencing ad- 
versely the efficiency of A. ensigera as a vectoi*. 

THE VIRUS 

Incubatiom Period in Vector 

The period that must ('lapse Ix'tween tln^ time Eutettix ietwllus 
begins to ffied on a dis(^as(*d plant and tlu' tinu' it is able to transmit 
the virus of Nor*th Aimu-ican (*urly top to a h('.althy plant has been 
found to b(‘ as short as 4 hours in sonu' instaiu'c's. Assuming that tlu' 
incubation period of the Argentine curly top virus in Agalliana 
erisigera also would b(‘ short, preliminary ('xpeririK'nts were* made in 
which nonviruliferous leaf hoppers wei'e allowed to feed on a diseased 
])Iant for 2 hours and W(‘r(‘ then transfc'rrc'd at hourly intt'rvaJs to 
sugar-beet seedlings. When th(\s<‘ tests gave no inhR'tion, th(* time 
th('. leafhoppers wci*e allowc'd 1o ffied on tlu' dis{'a8('d plants and on 
th(^ seedlings was increased. The results of six t(‘sts an* shown in 
table' 6. 

Th<‘ inb'ction obtaiiu'd was l<‘ss than would be ('xpectc'd with Nortli 
American curly toy) virus and Euteffix tenellU'S, but ilu* number of 
])lants inoculateal pr()bal)ly was not large (‘iiougl) to provider an 
accurate^ estimate* of the minimum incubation yx'riod of the Arg(*ntine 
curly top virus in its vector. Uow^<'ver, tlu' fact that infectioji was 
usually ynodiiced by insects that had f(*d from 24 to 72 hours shows 
that the incubation yoeriod of the virus in the ins('ct is r('lativ(‘ly sliort. 
More' extensive* ti'sts an* lU'C'ded to determiiu' whc'ther in c('rtain 
individual insects it may lx* considerably shorter than that indicaiteal 
by the n'sults obtainc'd in this seih's of tests. 

J’ERIOD of PlO rENTlON IN VE( TOR 

On Nov('ml)er 12, 1940, about 200 large nymphs and young adults 
of Agalliana ensigera we're i*(*moved fiom a y>lant of sugai* be'et affect ed 
with Argentine cuj-ly toy), y)laced on a vigorous j)lant of (The no podium 
alburn, and allowe'd to n'lnain the'n* ujitil l)(*c('mbei* 18. By that, time 
niortaiity was high, but 1 1 adults of the le'afhoy^pe'rs originally intro- 
duced we're* recovi*red and e-aged singly on see'dling sugar bee'ts. By 
flanuary 1], 5 of tlie 11 y)lants had become dise'ase'd, clearly indicating 
that the* leafhoi)i)ers still carried the virus. Wlien the adult leaf- 
hopj)ers were? re^moved from the C. album plant, it was found that a 
number of half-growji and smalle'r ityrnphs were y^n'Sf'ut that had 
developed from eggs laid by tlie original viruliferous leafhopyx'rs. 
Of these, 32 were caged on 16 se'e'dling sugar-f>eet }3lants. Noj)e of 
these plants dcv(4oj)ed symptoms of curly toy). Since* nymy)hs devel- 
oped from eggs depositee! on C. album were unable to obtain virus by 
feeding on its juices, it aj)pe*ars that this plant is immune to curly top. 
This being true, the vindiferous adult leafhoppe*rs placed on the 
plant November 12 did not increase thedr virus content through 
feeding and, since the'y still contained virus on Dee*embe*r 18, it is 
evident that A, ensigera is able to retain tlie virus of Argentine curly 
top in its body for at least 36 days. It is also evident that the virus 
doe-s not pass through the egg stage of the insect. 



Xumber of siiear-beet plants inoculated and infected by leafhopt>ers in which the virus had the indicated incubation f^riod (hours) 
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Occurrence in Phloem Exudate 

In view of the fact tliat exudate from the phloem of diseaftcd beets 
has proved to b(‘ the most satisfactory medium from which to recover 
the virus of North Anuu'ican curly top, tests were made to determine 
wh(‘ther the curly top virus in Argentina could also be r(»covered from 
phloem exudate. Small quantities of exudate produced naturally on 
the j)etioles of dis(‘ased plants were collected by means of a capiihu'y 
tube. Th(‘ exudate was diluted about 1 i)art to 9 parts of distilled 
water and fed to nonvirulih'rous ]eafh()p})ers. After a feeding period 
of about 6 hours, the leafho})p(*rs were caged singly on seedling beets. 
Of 12 plants inoculat(‘d, 4 became infected. 

Properties 

Phloem exudate ^ di]ut(‘d 1 part of exudate to 9 parts of distilled 
wat(‘r was used in a s(U’i(‘S of tests to determiiK^ tln^ thermal inactiva- 
tion point of th(‘ virus. The diluted exudate was placed in small test 
tulies (about 2 ve, piu* tulie). The tubes were then covered wdth rub- 
b(U‘ caps and phu'ed in a water bath held as nearly as possible at th(‘ 
desired tcmpiU’ature for 10 minuti^s. After treatment the tubes wiu’e 
removed from th(‘ bath and placed immediately in cold water. Non- 
vii’uliferous l(‘afhopp(‘i*s were allowed to feed on the treated exudat(‘ 
for about 0 hours and wen', then cag(‘d singly on seedling sugar beets. 
The results of (lu'ce tests ar(‘ shown in table 7, together wdth the results 
of one test in which alcoholic precipitate from viruliferous leafliofipers 
was used as the source of virus. 

Jnfection was relatively low in all tests. -For this reason the results 
are not so conclusivi^ as they would be had higher percentages of infec- 
tion been obtained. The results indicat(‘, however, that the thermal 
inactivation point of the virus lies between 75° and 80° C. This is 
also the range in which the curly top virus of North America is in- 
activated. 

'^^I’ahle 7. — Results of tests to determine the ther7nal inaelivation point of virus of 

Argentine curly top 


Niinilx'i’ of plants iiioculat^Hl and infwted by means of leafhoppers that h-d on 

virus .suspensions heatt^d for It) minutes at the irnlicated temperature 


'rest No. 

Check, not 
treated 

i 

rtf) 1 til) 

05 

70 

75 1 HO 

Inoculated 

Infected 

a. 

c 

a 

Infected 

Inoculated 



£ 

P 

Inoculated 

Infected 

Inoculated 

Infected 

Inoculated 

Infected 

? 

c 

p 

P 

1-- .. 

U) 

12 

:i 

Id 

1 

(i 

0 

2 

11 

0 

10 

H 

0 

1 



10 

' 5 
10 

0 





2 ^ 

:i ' . 

10 

10 

4 

1 

1 





0 

1 

_ 

8 

20 

2 

1 

17 

0 

1 ** 

4 - .. 











The source of virus In this test was a wash of alcoholic precipitaUs of macerated, viruliferous leafhoppers. 


* Texts were made with the exudate from the cut surface of large diseased roots of mangel-wurzel. To 
obtain exudate, the roots were taken from the field tmd placed in pails of water in the laboratory. Cuts 
were made across the crowns of the roots to induce flow of liquid from the phloem. In mo.st cases the roots 
did not exude appreciably the first day but on the second, third, and fourth days flow w as mor^ abundant. 
In some cases it was possible to collect as much as a cubic centimeter of exudate from lots of six or more roots. 
This exudate was used for further studies of the virus. 
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Dilution tests were made in whicli phloem exudate was diluted 
with distilled water, 1 part of (^xudate in 10 parts of the mixtui'e; 1 
part of exudate in 100 parts; and 1 part of exudate in 1,000 parts. 
Nonviruliferous leafhoppers were allowed to feed on these mixtures 
for about 6 hours and then were (‘aged singly on seedling sugar beets. 
From eac'h dilution 12 plants w(U‘e inoeulattMl. Only 1 plant became 
infected, and this was by a leafhopp('r that had fed on tlie 1-in-lO 
dilution. 

Attempts were made to recover virus from different types of 
precipitates. Juice from diseasc^d beets was precipitated in 50-percent 
alcohol. The j)recipitate was recovered by filtration, dried at lab- 
oratory temperaturi>, and mixed witli 5-percent sugar solution. T1 h‘ 
filtrate from this was fed to nonviruliferous hnif hoppers that were 
later caged singly on seedling sugar beets. Tests were made witli 
fresh beet juice and with jui(*e held at laboratory temperatuivs foi* 
I, 2, and 3 days. No infection was produced by leafhoppers tliat 
fed on th(‘se mixtures. 

In tests involving also thc'rmal inactivation, esscuitially the sam(‘ 
t(H*hniqu(‘ as that described above for virus recovery was used Init 
the sour(*>e of virus was macerated, virulifcTOus leafhoppers. Infection 
was obtained from a wash of the alcoholic pr(?cipitate of macerat(Hl 
leafhoppers. These results arc^ g^iven in test 3 of table 7. The heat 
treatmiMits superimposcxl on the Avash are not int(‘rpreted as having 
significant influence on the rehm^(^ of virus. 

Phkxun (‘xudate, dried and kept at laboratory t(unperatur(‘s, was 
tested for virus c.ont(‘nt at intervals of 2 W(‘(‘ks ()V(‘r a period of 2 
months. The (‘xudate in th(*se tc'sts gave little infection wlu'n fre.sh, 
and no virus was recxivered from the dried material. 

Transmission by Mechanical Inocclation 

Sugar-beet plants of the variety U. S. 11, having about six true 
leavers and growing rapidly, w(‘re inoculated by needle with phloem 
exudate as a source of virus. The (Lxudate was obtained as clear 
drops from the surface of petioh^s of re(‘ently infected sugar-be(‘t 

! )lants and was plac(*d in the axils of tln^ leaves at the (‘rowns of thi^ 
lealthy beet plants. Numerous punctures were made Avith a \erj 
fine needle through these drops of exudate into the crowns of th(‘ 
plants. Of 20 plants ino(*ulated in this manner 4 became infect(^d. 
Tw(mty noninoculated plants held as (‘ontrols rcunained healthy. 

In a second type of test, phloem exudate was cnllected from 
diseased mangel-wurzels, diluted about 1 part of (xudate to 4 parts 
of distilh'd water and rubbed over the surface of leaves of rapidly 
growing sugar beets of the variety U. S. 11. L(‘aves were inoculated 
with and without tlie use of an abrasive. Thirty-seven plants wer(^ 
inoculated, but no infection resulted. 

More (extensive tests are needed to determine whether a relatively 
high percentage of infection could be obtained consisUmtly by needle 
inoculation. The same technique has given infection with tlie virus 
of North American crirly top, but the percentage of infection, with 
few exceptions, was very low. No infection with North American 
curly top virus has been obtained in extensive tests in which inoculum 
was rubbed over the surface of leaves. 
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Rai’k of Movement in Beet Leaves 

Tweiity-four nuinberod pots, eacli contaiiung two rapidly growing 
l)(H>t plants having about eight true leaves eaeli, were used in a test 
to deterinine tlie rate of rnoviunent of the {*urly top virus out of inoc- 
ulated leaves. Tliese plants had grown in semishade and each plant 
had at least om^ leaf longer than 15 cm. Ten viruliferous leafhoppers 
were caged on the tip of one of the longer leaves of each plant at a 
temperature somewhat above 100^ F. (37.8*^ C.) for 2 hours. At 
the end of the 2-hour feeding period, the inoculated leavers of all the 
jilants in pots with even numbers were severed at a distance of 15 
cm. from the part on which the leafhoppers fed. At the same time' 
the. leafhoppius were removed from the leaves of the plants in pots 
with odd numb(u*s. This second group of plants was retained as a 
check on the amount of infection produced by the feeding of the leaf- 
hoppers. 

Tlir(*<‘ of twenty-four ])lants from whicdi tlic l(aiv(*s were re- 
mov(‘d and 4 of 24 plants from wliicli the leaves W(‘re not remov(‘d 
becam(^ infected. This result indicates that the virus is able to move 
downward from the point of inoculation at a ve;rv ra])id rate, the 
mcasurial movenumt being at least 15 cm. in 2 hours. 

DISCUSSION 

UELATlONSHir OF ARGENTINE AND NORTH AMERICAN VIJIUSES 

The consid(‘ratious of major interest and imjiortance in j‘(*Iation to 
th(‘, Argentine curly top divSease are (1) its relationship to North 
American curly top and (2) its pot(*ntial capacity for injury if intro- 
duced into tlie sugar-b(‘et areas of the*. United States and other parts 
of the world. 

Certain dilfere'nces in characteristics of curly top in the two conti- 
mvnts are* evident, but the^se diHVre*nces are not extensive. The vee*tor 
of the^ North Anieviican curly te^p virus eliel not transmit the Argentine 
virus. The Argentine virus so far as is known does not infect tomato 
and tobac(‘o. However, Oidelings {UA has shown that ce^rtain strains 
of the Noi’th American virus also do not infect tomato and tobacco. 
In general, the disease euiused by the*. Argentine virus is character- 
ized by more severe curling and distortion on seedlings of varieties 
resistant to North American curly top, but infected plants of both 
r(‘sistant and susceptible varietii^s recover to a marked degrcM*. No 
comparable recovery has been noted in betd. plants infected by the 
North American virus, (^specially in those of susceptible varieties. 

The similarities between the two diseases are very striking. The 
symptoms are almost identical on all host plants on which the two 
diseases have been observed. All varieties of sugar beet developed 
for resistance to the North American virus that were tested were 
found to be resistant to the Argentine virus. In general, except for 
certain members of the Solanaceae, the host range of the two viruses, 
so far as known, is the same. Properties of the two viruses, insofar 
as they have been determined, are the same or very similar. 

The occurrence of two similar diseases in regions so widel\^ sepa- 
rated as the United States and Argentina, in the absence of any 
evidence of a common origin, leaves the question of their relationship 
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rather difRciilt to determine. At one time, the fact that the vector 
of the North American virus does not transmit the South American 
virus would have been accepted as strong eviden(‘e that the viruses 
of the two continents are distinct and separate in spite of the close 
similarity of symptoms and host range. However, Black's finding 
(^, 3) that there are two strains of the potato yellow dwarf virus each 
transmitted by a diflnrent leafhopper weakens the confidence that 
can be placed in differences with respect to the insect vector in tlie 
determination of relationships of viruses. 

It may be suggested that superimposition of the North American 
virus on the Argentine vhus indicates tliat the two viruses are unre- 
lated, since it has been maintained that with certain mosaic viruses 
complete invasion of a plant by one virus confers immunity from 
infection by a related virus but not by an unrelated virus. How- 
ever, Carsner (5), using sugar-beet plants infected by an attenuated 
strain of the curly top virus, was able to reinfect tluun by a more' 
virulent strain, with the result that the plants became more sever(‘ly 
diseased. Giddings (15), working with 7 clearly diffenvutiatt'd strains 
of the North American virus, found that beet plants infected for at 
least a month by one strain of the virus were susceptible to infection 
by a second strain in 15 combinations tc^sted. Less virulent strains 
infected plants previously infected by more virulent stiains, and more 
virulent strains were rcaidily inti-pdiiced into plants already inf(M*led 
by those less virulent. Therefdre, the fact that plants infeeded by 
Argentine virus remained susceptible to infection by Nortli Americau 
virus cannot be accepted as evkhvnee of unrelaledness unless tin 
highly improbable assumption is made that all the strains of North 
American virus tested are not strains of one virus but arc? so majiy 
separate and distinct viruses. 

Because of the marked similarities between curly top of Argentina 
and that of North America and the wide differences bed ween th(‘ 
characteristics of curly top and all otinu* virus diseas(‘s, it stavins 
logical to assume, for the present at least, that curly toj) of sugar 
beets in the Western Hemis[)here is caused by a single virus complex 
consisting of different strains and varieties and to (dassify the Aj’geu- 
tine virus as a variety of this curly .top virus comph'X. 

In the Latin system of virus nomenclature suggested by Holmes 
(/7), the curly top virus is given the name Chlorogenus eutetticola H. 
Carsner and Bennett (6), howevei*, suggested that the si)ecies be 
shifted to tlic genus Ruga of Holmes on tin*, basis of symptoms induced 
and that the species name be changed to verrucosans. The variety 
name distans, meaning distant, is suggested as a distinguishing 
epithet for tlie Argentine virus. The following description of this 
virus is presented. 

PROPOSED NAME AND DESCRIPTION OF ARGENTINE VIRUS 

Ruga verrucosans C. and B. var. distans n. var. 

Virus causing a disease of sugar beet {Beta vulgaris L.), red garden ])eet, chard, 
mangel-wurzel, chickweed {Siellaria media (L.) Cyr.), and zinnia (Zinnia ekgans 
Jacq.). Probably most species of Solanaceae, including tobacco (Nicotiana 
tahacum L.) and tomato (Lycopersicon esculentum Mill.), very resistant or im- 
mune, but typically diseased specimens of Petunia sp. and Phy satis sp. have 
been found. Disease on Beta spp. characterized by leaf curling, veinlet clearing, 
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vein swelling, vein roughening, and necrosis of phloem. Recovery of sugar 
heets more marked with Argentine than with North American virus. Trans- 
mitted in nature by Agalliana ensigera Oman but not by Eutetiix tenellus (Bak.). 
Under certain conditions transmissible to small percentage of plants inoculated 
by needle; not transmissible by rubbing technique. Remains active in insect 
vector at least 36 days; does not pavss through egg stage of vector. Not inacti- 
vated by short exposure to 50-percent alcohol. Thermal inactivation point 
probably between 75° and 80° C. 

Type loraliiy . — Province of Tucuman, Argentina. 

SIGNIFICANCK OF VIROS TO OTHER SUGAR-BEET-GROWING COUNTRIES 

Altliougli, SO far as kiiowui, the Argontiiie curly top virus is limited 
iu its distribution to the northern half of Argt'utina, the chances of 
spread of the virus to otheu- countries, through introduction of tlu'. 
vi'ctor or of diseased material or of both, have greatly increased in 
r(K‘ent years as a result of the development and extensive use of 
facilities for more rapid transportation. 

The economic conseijuences of the introduction of the Argentine 
curly top virus into other siigai-beet-producing countries cannot be 
predicted accurately becaus(‘ of the impossibility of judging, among 
other things, its effect on all of the possible host plants under a variety 
of climatic conditions. Howev(*.r, evidence seems ample to justify 
the assumption that on sugar beet a high degree of control of the 
disease could b(‘. ol)tained in all sugar-l)eet-producing ai*eas by using 
vari(‘ti(‘s of sugar beet that have been developed in the United States 
for r('sistan(‘e to the North Aimuican curly top. 

SUMMARY 

Studies of tin' Argentine curly top disease of sugar be(T wq^rc made 
at Arlington, Va., in 1927 and 1937-39, on diseased mat(U-ial from 
Arg(^ntina. FurtlKU- studies of the disease were made at the Estacion 
Experimental Agi*icola de Tucuman in Argentina in the period from 
September 1940 to Maivh 1941. 

vSymptoms on Argentine plants grown in the (juarantine grecuihouse 
at Arlington, Va., were similar to those on plants affcxded wdth North 
American curl}^ top. However, Eutettix fenelluSj the vector of the 
North American curly to}) v irus, failed to transmit the Argentine virus. 

In th(‘. Province of Tu(*uman, Argentina, curly top was found on 
sugar b(‘et, real garden beet, mangel-wmrzel, chard, Physalis sp., and 
])robably on X Petunia hybrida. It was transmitted experimeJi tally 
to chickweed, zinnia, and several varieties of sugar beet, but not to 
any member of the family Solanaceae, including tomato, Turkish 
tobacco, Nicotiana gluHnosaj Ambalcma tobacco, red pepper, and 
p(‘tunia. 

Symptoms of the disease on sugar beet, red gard(‘n beet, mangel- 
wurzel, chard, chickweed, and zinnia, consisting of veinlet clearing, 
vein swelling, vein protuberances, leaf rolling, and pliloem necTosis, 
w ere similar to those produced by North American curly top on these 
plants. In general, symptoms of Argentine curly top were more 
severe on stM'xlling sugar beet than those of North American curly top, 
especially in the case of varieties resistant to the North American 
virus. However, seedlings affected with the Argentine curly top 
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recovered to a marked degree from the initially severe effects of the 
disease. Plants that had passed through the recovery phase showed 
mild to almost no symptoms of disease, depending on the resistance 
of the variety. Sugar-beet plants affected with North American 
curly top have not been observed to recover to any appreciable extent. 

In tests involving potted plants in cloth cages and in field plots, 
the varieties S. L. 68, U. S. 11, and U. S. 12, known to be resistant to 
North American curly top, were found resistant also to Argent ine 
curly top. The variety R. & G. Old Type, very susceptible to North 
American curly top, was found relatively susceptible to Argentine 
curly top. 

On the grounds of. the Estacidn Experimental Agricola de Tucuman, 
the vector of Argentine curly top, Agalliana ensigera^ was abundant 
through the season 1940-41 on mangel-wurzels and sugar beets and 
was found in smaller numbers on Amarmithus spp., rortulaca sp., 
Datura siramomum^ Zinnia elegans^ and (Jhenopodium album. It was 
apparently very rare, however, on plants outside the cultivated area. 
It multiplied readily on sugar beet and mangel-wurzed and was able to 
breed on Amaranthus spp., D. stramonium ^ D. meteloides, 7 j. elegans^ 
and to a limited extent on C. alburn. It failed to breed on tomato, 
Turkish tobacco, and Nicotiana glutmosa. 

Agallimn ensigera feeds on the phloem of sugar beet and leaves a 
partial slumth of salivary secretion along the line of puncture. It is 
able to pick up virus from liguids containing phloem exudate of dis- 
eased beets but, urdike Eutettix tenelluSy the vector of North American 
curly top virus, it was not observed to leave salivary deposits in tlie 
liquid media on which it fed. The minimum incubation period of the 
virus in the insect, as found, was 24 to 72 hours. Virus in viruliferous 
insecds was not exhausted by a 36-day feeding period on a plant 
immune to curly top. Limited tests indicate that the virus does not 
pass through the egg stage of the insect. 

The virus of Argentine curly top appears to occur in ridatively high 
concentration in the phloem of infected sugar beets and mang(*l- 
wurzels. The thermal inactivation point seems to be between 75° and 
80° C. The virus was not inactivated by a short exposure to 50-p(>j*- 
cent alcohol. By means of phloem exudate from infected sugar l)eets, 
the virus was transmitted to 4 of 20 rapidly growing sugar beets by 
needle inoculation, but no infection residted from nd)bing inoculum 
over the surface of leaves. The virus moved from the point of intro- 
duction by leafliopper inoculation at the distal end of a beet leaf 
downward through the leaf, a distance of 15 cm., in 2 hours. Those 
properties of Argentine curly top virus parallel those of North Ameri- 
(*an curly top virus, vso far as known. 

The Argentine curly top vims differs from curly top virus in North 
America in vector relations and degree of recovery of affected plants as 
the disease progresses. It resembles curly top virus of North America 
in the general type of symptoms on known host plants, in host range, 
so far as is known, except for members of the family Solanaceae, in 
known properties, and in the resistance manifested by tested sugar- 
beet varieties. These similarities appear so significant that, despite 
the differences in vector relations and certain known symptomological 
and host differences, it seems best to classify, tentatively at least, the 
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Argentine curly top virus as a variety of the curly top virus complex 
{Ruga verrueomriH C. and B.) of North America. The variety name 
disians is suggested for the Arg(uitine virus. 
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INTRODUCTION 

Tlu‘ iuHuenco of tenipurature on sexual reprochiction in tlH‘ sugar 
beet {Beta vulgaris 1^.) has long been considenHl a sul)jeet of impor- 
tance. Shaw (/4, P- 1 strongly influenced by some of th(» work of 
Klebs on reproduction in plants, studied the ])j‘oblem extensively and 
concluded that ‘‘the range of temperature within whi(‘h reproductivity 
is determined evidently li(‘S between 2.75° C. and 10° C., or very near 
thos(' limits.'^ Shaw showed that at temperatures below' 1.75° the 
bt'cts remained dormant, and he believ(‘d that tliis dormancy, im- 
posed by low' l(‘mperature, was responsible for th(‘ failure of such 
be(^ts to develop r('productively. lie reasoned tliat sonu' areas w^ere 
unfavorable for the* rei)roductiv(5 deviiopment of b(‘ets b(H*ause silo 
temperatures w'er(‘ too (tool during the winter and because the transi- 
tion period in tlu' spring, betwM'cn the prevalenct' of temp(4*atures too 
low' to allow' planting and the incuh^ncM' of unfavoi*aI)ly high tempera- 
tures, was too short to afford an ad(>qiiate ])eriod of “restraiiKHl 
growth.^' Shaw^ based his conclusion that 10° is Jiear the upper limit 
at which rc^productivity is (hdermiiKMl on a comparison of wdnt(‘r 
temperature I'ccords and his observation of the fact that only part of 
the plants produced seedstalks in fields of be('ts planted during 
November in tlie Salt River Valley of Arizona. 

Shaw' poijited out that the mean winter temp(>rature of the Jiatural 
habitat of tht‘ wild be(d {Beta maritima L.) along the nortlua-n coast 
of the Adriatic Sea insured reproductivity in beets. A mean tempei a- 
ture curve' for that are'a was com])osit(Hl from the mean temper-atures 
of Veni(X', Trieste', Fiiime, Pola, and Zara. By a composite curve of 
m('an temperatures for the coastal area of Oregon and Washington, 
d('riv(‘d by averaging the nicxin tempera tur(*s of Portland and Rose- 
burg, Oi*eg., and Seattle, Wash., Shaw’ showeal tliat the winters of 
that, area are similar to tliose in the natural habitat of the w ild be‘et. 
The curves compareal by Sliaw' indicated that the mean temperature 
range that he e'onsiderexl favorable to “rejiroductive determination/^ 
extexidexl ove'T an even longer period in the coastal area of Oregon and 
Washington than on the northern coast of the Adriatic. 

Pack {13) found that the most favorable storage temperature for 
inducing reproductive development in sugar beets was m^ar 4.4° C., 
but he did not confirm Shaw^^s conclusion that storage at temperatures 
near 0° induced dormancy and thus failed to induce reproductive 

’ Rewlvod for publication May 10, 1944. 

2 Italic ii umbers in parentheses refer to Literature Cited, p. 68. 
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growth. Pack {12) also found that sugar beets which had been stored 
under optimum temperature conditions (4°) for seed production could 
be forced into the various degrees of reproductiveness, ranging from 
true seed types to almost completely vegetative types, by controlling 
the time of year tliat mother beets were planted out, Early planting 
gave the best leproductive development. The fact that in the late 
plantings sonu* of the beets developed vegetatively suggests that the 
high temp('ratures of lat e spring and early summer caused a reversal 
of the reproductive process. 

Steinlx'T’g and Garner {15) found that without any cool-temp(‘rature 
exposure a selected strain of sugar l)(‘(‘t could be induced to fiowcu* at 
73^ F. by the use of continuous high-intensity illumination. Flower- 
ing did not occur at 73° when, tlu^ plants wi're exposed to daily illumi- 
nation periods of 18 hours, but it did occur at 60° and at 65° undei* 
1 8-hour photoperiods. Wit li cent inuous illumina tion , the period 
from germination to flowering de(*reased as the temperaturi' was 
raised, being 65 days at 60°, 48 days at 65°, and 39 days at 73°. 

Owen et al. {11) show(Hl that in a sugar-beet vari(dy of (‘Xtrenu‘ly 
low bolting tendency storage for 3 months at 33° to 36° F. did not 
indiK'e bolting except wdum the plants weat' transplanted to an en- 
vironment favorable foi* reproduction (affoiding long photoi)eriods 
and cool temperature's). A longer period of storage (172 days) of be'et-s 
of the same variety and at the.same temperature resulted in bolting 
in all the plants, eV(‘n in an environment unfavorable for bolting 
(affording short photoperiods and warm temperatures). Evidently 
a high degree' or large amount of thermal induction had Ix'cn finally 
effected at the cool ternperatinx' by prolongijig the storage period. 

Apparently either photoperiodic induction or thermal induction, 
acting ind(*pendently, can carry th(‘ reprodiudive process far toward 
completion,. The effects of light and t<'mp('rature on r('productioi\ in 
the sugar beet sec'in to be complementary. 

Tlie studies reported in this paper deal principally w ith the relation 
of temperature to reproductivity in the sugar beet. 

MATERIALS AND METHODS 

Storage experiments were condu(*ted with eight curly- top-resistant 
varieties of sugar beets. These varieties, IJ. S.'^ 15, IJ. S. 22, S. L.‘* 
68, S. L. 234, S. L. 235, S. L. 979, S. L. 1 ~1 1 , and S. L. 1-121, were 
known to differ widely in bolting tendency, tl. S. 15, S. L. 234, and 
S. L. 979 requii'e a relatively long cool-temperature treatment before 
they can be induced to form seedstalks and arc', therefore, termed 
nonbolting varieties. U. S. 22, S. L. 235, S. L. 1-11, and S. L. 1-121 
are intermediate in bolting tendency. S. L. 68 requires a relatively 
short period of cool-temperature exposure to induce bolting and is 
therefore usually referred to as an easy-bolting variety. 

Cool-temperature exposure induces changes that result in subse- 
quent rc'productive development when the sugar beet is gi‘own undcu’ 
long daily photoperiods. This process is referred to herein as thermal 
induction and is measured by the relative rate and percentage of 
plants bolting. Warm -temperature exposiu’e, following adequate 
thermal induction, was found to reduce or neutralize the effect of 

8 The seed, supplied by O. H. Coons, Division of Sugar Plant Inve^stigatlons, was from the easy-bolting 
variety OOSeiH). 

< Varieties designated ‘UT. S.’' are commercial varieties grown in the western part of the United 8tat(‘S, 
Those designated L.” are varieties bred at the IT. 8 . Sugar Plant Field Laboratory, Salt Lake City , Utah. 
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<*ool-t(‘mperatiir(' (‘Xposin (‘ arui is roferred lo as ravorsal of th<*rmal 
induction. 

‘^Bolting/’ as used in this pap(*i% r(*fers to the appearance^ of a seed- 
stalk, whether or not subsequent flowering occurs {10, It, 16). 

To avoid misunderstandings and confusion I'cgarding expressions 
relating to teunpeuature J*ang('s, the writtT proposes to use' (‘crtain 
arbitrarily chosen terms with nu'anings as follows: I^ow, ne'ar oi* 
below fre'ezing; cool, above freezing to about 15° (\; warip, about 15^ 
to .S()°; and high, above 

Sugar beets wevn' stored at a s('ri(‘s of te'inperatures, Ix'ginning at 
tin' lowest tempera tun' that could be' use'd without, injury to the roots 
and ine're'asing, by 2° to 3"^ C., up to the maximum tempei*ature at 
which tbermal induction of reproductive de'velopment occurred. 
Lack of ade'quate' facilitie's limite'el the range of the experimental stor- 
age tempe'ratures, e'spe'cially be'twee'u 1()° and 15°. Faiily close 
control was maintained on te'mpe'i*atures at or slightly bedow 0°, but 
tempe'ra lure's above about 1.5°, in the* ce>mmei*cial e'olel-stoi-age rooms 
use'el, we'iT le'ss subject to control. Maximunr- and minimum-i‘e*giste'r- 
ing the'i-mermete'i's plae-e'el with e*ach lot of be'e'ts usually showu'vl a 
vai'iatie)!) of h'ss than 0.7° in lots stored at te'mpe'iatures lowe'r than 
1.5°, whe'i'e'as the* te*m])e*rature‘ of other lerts vaiie'el as muedi as 2°. 
P\)i‘ this reason the ave'rage* maximum anel minimum te'mpe'ratures are 
usually give*n as the i*ange* for eae*h store'el lert. In one' of the later 
('X])erime'nts on re'versal of the'rmal induction serme* of the sugar beets 
were sterre'el in electJ‘ie*ally heateel incubator ovens that wu‘i*e' ]>lace'el in 
a cool roeun. This was founel to be a morn' ti*oublese)me' metherd of 
storage* owing to the* cernelensation of meristure on the inside e)f the 
ervens. The ave'rage te'inpe'ratures j‘('e*ordeel in tlu'se later e'Xpeihnents 
are* the means of tw ice-el ally re'aelings. 

In most e*xperime'nts the sugar be'cts were* taken Irom the* fie'ld in 
mielsummer to avoid the the'rmal ineluction e)f r-epre>ductive‘ eleve'lop- 
me'iit that oe'curs naturally with fall teunperatures. A comparison 
was also rnaele Irctwee'n ixrots storeel at vai’ious known te'inperatures 
anel the)se' that hael remaine*el in the fievlel near* Harrisbui*g, Oreg., 
during me)st of the wunter.^ The sugar Ix'ets that wviv use'd in 
e^xperinu'iits to eietermine the* reversibility of the'rmal induction were 
take'Ti from overwintering tie*lels after sufficient cool-teunpe'rature 
expe)sure' to e*ause most plants to bolt whe'n subsecpiently replanted 
in a favorable photoperioelic. emvironmcTit. 

All lots of sugar bee*ts were taken from moist soil, anel the leaves 
were carefully trimmeel off without injury to the e*entral crown bud. 
Tlu'y wu're then plae*eel in large, (‘lean, galvanized-iron cans anel taken 
to ste)rage. Drying of roots eiuring storage w as avoieied by keeq^ing a 
small amount of water in the cans. Falser bottoms of perforated 
inetal, 1 to 2 inches high, w ere placexl in e'ae*h can to allow air circula- 
tion within the can and to prevent the beets from coming in direct 
contae:^t with water. At storage te'mpe'rature's above 15° C., wet 
excelsieu*, placeel both above and bedow the roots, w as usexl in some 
instances, and suedi lots were removed frequently for examination and 
to aerate the cans. 

Roots held at iow^ temperatures were allowed to w arm up slowly 
wdien taken from storage. The leaf growth on beets stored at wuxrmer 


J Sufliar boi^ts rccolvoi from HarrUburiu:, Oreg., woro sbippod to tho writer through the courtesy of the 
West Coast Bwt Seed Co. 
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temperatures was trimmed off, and the roots were r(»plaiited in a 
greenhouse floor bed or in the field. Greenhouse temperaturt's weie 
kept relatively warm, and field plantings were delayed until late 
spring to avoid further thermal induction after replanting. 

Since the effects of long daily photoperiods and prolonged cool- 
temperature exposure are apparentlv complementary in inducing 
reproductive development in biennial l>eets, long photoperiods (either 
1 7 to 18 or 24 hours daily) were chosen so as to bring out the differential 
bolting response to thermal treatments. During tests made in the 
greenhouse in the winter and early spring, artificial illumination (25 to 
50 foot-candles) supplementary to daylight was supplied l)y Mazda 
lamps (H|uipp(Ml with reflectors. 

EXPERIMENTAL RESULTS 

THEKMAL I.NDUCTION IN SUGAR BEETS TAKEN FROM THE FIELD DURING THE 

SUMMER 

Six lots of sugar becds of the easy-bolting vaiiety S. L. 68 wiae 
stored at different temperatures from July 22 to September LL I9:i9. 
All lots we?e replanted in a warm greenhouse Sc'ptemlxa* 13, and wei‘(‘ 


Table 1. — Effect of various storage temperatures on thermal induction in sugar beets 
as sfunvn by bolting i espouse of different varieties replanted in a warm greenhouse 
under continuous illumination or >7- to 18-hour photoperiods 



1 The beets were taken from the field Aug. 28 and held at 0.6® to 1.7° C. until Sept. 6, 1940, when they 
were divided Into 4 lots and stored at different tempt>ratures. 

» Storage temptiratures were the same as those for S. L. 68 for first 63 days; from Sept. 14 to Oct. 18, lower 
outsida temperatures affected storage temperatures enough to lower nearly all the general averages. 

» The bfi^ts were taken from the field Aug. 28 and held at approximately 0.6° to 1.0° C. for 1 month, then 
at —1.0° to -0.6° until Nov. 27, 1940, when they were divided into4 lots and stored at different teini)erature.s. 
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coutinuously illuminated thereafter. Data in table 1 and figure 1 
indicate* that thermal induction proceeded at a relatively slow rate 
at —0.8® to 0.7® C., and that the maximum rate was at temperatures 
above 6® and probably near 10®. The data also indicate that even 
at tlu^ lowe^st temperature, where the rate of thermal induction was 



tioiiRE l.— Kffect of different storage temperatures on thermal induction in sugar 
beets as shown by th(‘ bolting response of variety 8. L. 68 replanted in a warm 
greenhouse under continuous illumination after 53 days of storage. Average 
minimum and maximum storage temperatures of respective treatments* 
.1, - 0.8° to 0.7° C.; /?, 1.8° to 2.7°; C, 1.3° to 3.2°; />, 2.7° to 3.4° • E 0.2° 
to 7.0°; 9.5° to 10.2°. Photographed November 8, 1939, 50 davs after 

being replanted. 


relatively slow, tin* process went far enough to result, after only 53 
days of stoi-age, in a large percentage of plants liolting. 

In, another test with vari(*ty S. L. 68, the roots were taken from 
the field August 28, 1940, and held at 0.6® to 1 .7® C. until September 6. 
V* ^ loiter date they were divided into four lots and stored at 
different temperatures until October 25, when they were replanted in 
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the greenhouse uiuier 17- to 18-hour photoperiods. The data in 
table 1 and figure 2 show that there was very little thermal induction 
at —1.0° to —0.5° and tliat there was an increase in the rate of the 
process at each increase in storage temperature. As in the previous 
experiment with this variety, a relatively short storage period, even 
at the lowest temperature, afforded sufficient thermal induction to 
result in bolting in some plants. 

The photographs in figure 2 show ('ven greater difr(‘renees in repro- 
ductiv^e growth than are indicated by the data in table 1. Most of 
the sugar beets previously stored at the higher temperatures wer(> 
flowering, whereas only a few seedstalks had been initiated in the 
beets stored at temp(>ratures below 0° C., and most of thes(^ seedstalks 
were S('mivegetative in appearance^. 

Sugar beets of the non bolting variety U. S. 15 W(‘r(‘ stored from 
July 22 to October 18, 1939, at approximately the same range of tem- 
peratures used that season with variety S. L. 68 (table 1). B(*(‘ause 
of lower outside temp(u-atures, the average minimum and maximum 
temperatur(‘s in this test (table 1) were nearly all (‘oohu* than the 
coiTesponding temperatures in the formei* experiment. 

Decayed spots developed in the crowns of some of the sugar bec^ts 
of variety U. S. 15 stored at the two highest temperatures (table 1, 
treatments E and F), necessitating rather seveue trimmiixg of the 
crowns before the beets were replanted. It was thought that this 
might reduce bolting, but it is now believed that sucli is not the case. 
Although the talh^st seedstalks were among those that developed from 
the lot stored at 8.4° to 9.7° C. (treatment F), the most rapid rate 
and the highest percentage of plants bolting occuTT(‘d in the lot stored 
at 4.7° to 6.3° (treatment E). 

The rate of thermal induction in U. S. 15, as in S. L. 68, was slower 
at the lower storage temperatures, as indicated by the slower bolting 
rate and smaller percentage of plants bolting. Unlike S. L. 68, how- 
ever, U. S. 15 did not receive enough thermal induction for complete 
bolting at the storage temperature previously found to be the most 
favorable, even though the storage period was considerably longer 
than in tlxe tests with S. L. 68. Obviously, U. S. 15 requires more 
extensive thermal induction. Another point believed to be significant 
is that apparently a storage temperatiin' of 8.4° to 9.7° C. w^as higher 
than optimum for thermal induction in IT. S. 15. Perhaps a much 
longer storage period at a relatively cool temperature would be 
necessary for adequate thermal induction in this variety. 

A storage experiment with variety U. S. 22 was started August 28, 
1940. The roots wei*e taken from the field and held foi* 31 days at 
approximately 0.5° to 1.0° C.; then they w^tvre moved to a storage 
chamber in which the temperature ranged from —1.0° to —0.5°. On 
November 27, the beets were divided into four lots, whicli were stored 
respectively, at the temperatures shown in table 1 . The temperature 
in the coldest chamber was reduced to about —2.0° for th(^ first 2 
weeks, when it was observed that nearly all the roots were injured 
superficially by freezing. However, after the beets were transplanted, 
only one of the plants failed to grow, and four others died during the 
experiment. It seems probable that tlie very limited amount of 
thermal induction in this case occurred during the 31 daj^s of prelim- 
inary storage, when the temperature w^as at all times slightly above 
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0°, and that during tlio 110 days when the t(‘nip(*rature was con- 
tin uonsly b(‘low 0° th(‘ sugar b(»ets w^ca^e so dormant that thermal in- 
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duction was prac.tically arn-sled. However, when beets tlvat liad been 
kept virtually dormant at near 0° were stored at approximatelj' 5° for 
50 days, a high percentage of bolting resulted, indicating thai thermal 


56 


Journal of Agricultural Research 


Vol. 72, No. 2 


induction at the higher temperature was fairly rapid. The data also 
indicate that at similar temperatures U. S. 22 requires a longer storage 
period than does S. h. 68 to induce bolting in an equal pei’centage of 
plants, 

THERMAL INDUCTION IN SUGAR BEETS TAKEN FROM THE FIELD DURING 

THE WINTER 

\Siigar beets taken from the field iu the summer and those taken from 
the field in winter weie compared to determine the effect of cool- 
temperature storage. Tlu^ results reported in table 1 WTxe obtained 
with roots taken from the field before the occurrence of temperatures 
cool enough for thermal induction. In these tests, therefore, only the 
themial effects during storage were involved. In contrast to tests 
witli summer-harvest(‘d roots, an experiment was conducted in whicli 
sugar beets of the nonbolting variety S. L. 979 that had grown in the 
field at St. George, Utah, from September 16 to December 6, 1939, 
were brought to Salt Lake City and stored at various temperatures 
for 44 days. They were then replanted in the greenhouse under con- 
tinuous iilumination. One lot of plants of th(> same variety, whi(*h 
had grown in the fit'ld at Salt Lake City from August 16, 1939, to 
January 19, 1940, was transplanted to tlie greenhouse witli the stored 
lots. I^he tr(‘atments used and results obtained are given in table 2. 

Table 2. — Effect of (Uffeient storage temperatures on thermal induction in sugar 
beets as shown by bolting response of variety S, L. 979 replanted in a learm green- 
house under continuous illumination 


fSloiHgc iKTiod 44 days. Doc. Ic.lan. JU, l!)40) 


' 

'r left f incut ‘ 

Storage femporaturc 

B(*ets 2 bolt ing at end of iiKlicated 
period (days) after being replanted 

.\vtMagc 

minimum 

Average 

maximum 

2G 

3t> 

.52 


® (\ 


Percent 

Percent 

Percent 

A 

0. 2 

i.:i 

11.3 

37. 2 

61.2 

B_.. 

l.G 

2.3 

11. G 

44.2 

G6.2 

C. ! 

4.7 

G. 7 

32. G 

5.’>. 8 

«9.7 

D..._ 

fi. 1 

7.1 

.32. G 

.')K.2 

74.5 

. 

G.5 

8.2 

34. ft 

G2. 8 

72.1 

F 


— 

G7.r) 

W). 7 

95.4 


1 Beets receiving treatments A to E were grown at St. George, Utah; those receiving treatment F were 
grown near Salt Lake City, Utah* and transplanted directly from the field. 

2 Pererntages are based on a total of 43 bt‘et.s obstaved for each treatment. 


The sugar beets taken from the field in early De(‘.emb(U‘ and stored 
at 0.2® to 1.3® C. for 44 days bolted at a faster rate and in higher 
percentages than did IJ. S, 15 beets of comparable inherent bolting 
tendency taken from the field in July and stored for 88 days at approxi- 
mately "the same temperature (treatment A in table 1). The sugar 
beets that were transplanted directly from the field at Salt Lake 
City to the greenhouse in January bolted even more rapidly and in 
greater numbers than the sugar beets from St. George that had been 
stored. Obviously, some thermal induction of reproductive develop- 
ment had occurred in both lots during the time they were exposed to 
fall and early-wdnter temperatures in the field. On the other hand, 
as shown by previous experiments, in the beets taken from the field 
in July, bolting was tliermally induced only during storage. 
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Aiioth(T comparison of the effect of thermal exposure of sugar 
beets in tlie field with that of thermal exposure during storage was 
mad(^ in a field test planting in 1940. Motlier beets of the nonbolting 
variety IJ. S. 15 were harvested near Salt Lake City during October 
1939 and stored at two different temperatui*es. Steckling beets of 
the same variety were taken from an ovewintering beet-seed field 
near Harrisburg, Oreg., March 10, 1940. The three lots were re- 
planted in rich garden soil at Heber City, Utah, April 5, 1940, Photo- 
graphs taken 77 days aft(vr the beets were replanted (fig. 3) show that 
the sugar beets that had overwintered in the field (ng. 3, C) were 
beginning to flowei- before seedstalks wcu'e produced on the lot stored 
at O'^ to 1 .1^ C. (fig. 3, A). The beets stored at an average temperature 
of 4.4^ (fig. 3, B) were intermediate in development between the 
two extremes. Tlie more advanced stag(^ of rc'productive develop- 
imuit of the steckling IxM^ts indicates that thermal induction may be 
more complet(4y accomplished by overwintering sugar beets under 
optimum conditions in th(>» field than by storing them at favorable 
tempc'ratures. 

REVERSIBILITY OF THERMAL INDUCTION 

There has been some difference of opinion regarding the reversi- 
bility of developmental processes in plants. According to the Imperial 
Bureau of Plant Genetics (5), Lysenko believed that these processes 
take place in definite st(‘ps and sequen(‘e, that a qualitative change 
in the protoplasm indiKU's morphologi(‘al (‘hanges, and that the steps 
that must take place in the plant before it reaches sexual maturity 
ar(‘ irreversible. Ljul)imenko and other Russian workers (s(^e 6) 
b(4ieved that the presence of a developmental liorrnone is responsible 
for the morphological changes involvtal in repioductive development 
and that the deviJopmental processes are reversible. Many instances 
hav(^ b(>en reported showing that the type of development may be 
rev(used. Cliroboczek (S) reversed the dev(4opinent of red garden 
beets several times in tlie same plant by changing the thermal and 
photoperiodicr environment . This method was also us(‘d by Owen (.9) 
to produce semi vegetative seedstalks in sugar beets for use as cuttings, 

Siiu'c thermal induction in sugar beets occurs only at relatively 
cool t(‘mperatur(‘s, it seems probable that substances conducive to 
bolting are formed in be(‘ts stored at those temperatures and that at 
warmer temperatures th(>se substances are not formed or at least not 
accumulated. The rate of thermal induction, within the favorable 
temperature range, incri^ases as the temperature rises. It is probable, 
therefoie, that biochemical processes that are accelerated by an in- 
crease in temperature are involved. In view of this, if relatively warm 
storage temperatures were found to result in reversal of theimal in- 
duction, it is reasonable to expect that the rate of reversal would be 
relatively rapid. Any observed reversal could be attributed to 
thermal alteration of the biochemical equilibrium of the plant, 
resulting in a change in the direction of the biochemical processes 
involved. This line of thought led to experiments in which sugar 
beets that had received some thermal induction were stored at an 
intermediate range of temperatures (9° to 25° C.) for short periods to 
determine whether revei^sal could be so induced. 

The sugar beets used in one such test were of the variety S. L. 
1-121, classed as intermediate in bolting tendency. They were 

678506 46 2 
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taken from an overwintering: seed field near St. George, Utah, about 
January 20, 1942. One lot was dire(‘tly replanted under eontinuous 




pKiUKF: :>.• -(’onij)an’son of 
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age temperatun^s ami of 
overwintering in the field 
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variety 0. 8. 15, re- 
plan t(‘d in file field at 
Ilebei City, tHah, Ai)ril 
5, 1940: /I, Mother beets 
stored at 0° to 1.7° 
li, mother beets stored 
at an average of 4.4°; 
(\ sfeckling beets taken 
from an overwintering 
beet-s(‘ed field near Har- 
risburg, Greg., March 10, 
1 94 0. Photographed 
•In IK' 21, 1910. 


illumination in a 'warm greenhouse room; another lot was stored at 
17® to 18® C., and a third lot was stored at 23® to 24®. Plantings 
from each stored lot were made at semiweekly intcTvals. 
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The (lata in table 3 show that there was some rcHluetion in the 
rate of bolting of plants that wore stored at 17° to 18° C. for a period 
of about 10 days. All the beets stored at this temperature, however, 
had bolted 51 days after being replanted. There was a miu'h greater 
reduction of bolting in beets that were stored at 23° to 24°. Of the 
lieets stored at this t(‘mperature for 21 days, only 20 percent bolted 
in 51 (lays. 


T.able 3. — Effect of storage at warm iemperainres on the reversal of thermal induction 
iti sugar beets as shown by the hotting response of variety S. L. 1-121 v)hen 
planted in a. warm greenhouse under continuous illumination 


Storage ieinperaturo and pijriod 

Bei-ts 

obs<*rved 

Bwts bolting at end of indicated fieriod (days) 
after Ixdng replanted 

* i ", 1 

2:i i 30 ; 37 1 44 j 51 


Xnmher 

i 

Percent j 

Percent 

Percent 

Percent 

Percent 

(’heck (not stored) 

20 

m ! 

90 

KX) 

UK) 

100 

17^ to 18“ (’.: 


; 





3 days ; 

20 

20 ! 

75 

95 

KH) 

100 

7 day.s - 

; 20 


75 

9.5 

1(H) 

100 

10day.s -- - 

1 10 

0 ’ 

4(1 

1(H) 

100 

1(H) 

13 days 

! 

10 i 

80 

90 

90 

1(H) 

2:eto2e(\: 


1 





3 days 

20 i 

0 ; 

:«) 

90 

J(H) 

UK) 

7 days . 

I 20 

0 1 

.50 

85 

90 

90 

10 day.s 

20 

0 t 

55 

75 

75 

75 

13 days 

1 20 

0 ' 

40 I 

(H) 

HO i 

8,5 

17 day.s ... 

i 20 

0 i 

5 ’ 

35 

45 

.50 

21 days 1 

1 20 

1 0 ’ 

; 

J5 : 

20 

20 


Siigai* b(‘ets of lh(‘ inl(‘rmc‘(liat('-l)olting variety S. L. 1-11 were 
obtairual from ()V(*rwint(‘ring fields in St. Cieorg(\ Utah, and Talent, 
()r(*g., about January 20, 1042. Th(\y were storcHl at —0.5° C. until 
Api'il 20, wh(vn a sainjile from (*ach lot was moved to room ti'inperature 
(av(*rag(‘ 25.6°) for a period of 10 days before all lots w{‘r(‘ r('planted in 
the fi(4d May 0, 1942. Of th(‘ beets giv(ui tin* warm-temp(U'ature 
treatment only I perciuit bolter! . wh(*r(*as 92.0 percent of tlu' others 
bolted (tabl(‘ 4 and fig. 4). 


TabI;E I. — Reversal of thermal induction in sugar-beet variety *S'. L. I t I by a short 
period of storage at a relatively warm temperature 


'I'n-Htinont 


A 

B 


A v<*raKc storage 
teniiM'ratun* 

Bins 

; olisi'rviHl 

Jan.2()t(» Apr. 20 to 
Apr. 20 i May 0 


Beets bolting 


June 10 July 22 


C. Xfi mher 1 Percent Percent 
-0..") : -O.,*! 1.099 ' 87. a ! 92.0 

-.."V . 25.0 ;t95 0 ; 1.0 


To t(‘st further the lowtu* limits of tt'inptaatures tliat result in 
revf^rsal of thermal induction and to obtain information regarding 
the rate at which these changes an^ effected, another test was made in 
1943. On March 4, plants of three sugar-beet varieties — IJ. S. 22 
and S. L. 235, which are intermediate in bolting teudimcy, and 
S. L. 234, a nonbolting variety — ^were taken from an overwintering 
seed field planted in St. Gc^orge, l^tah, S(»pt(™b('r 7, 1942. The beets 




Figure 4. — Reversal of thermal induction at a relatively warm temperature. 
The sugar beets in rows A and /? were taken from an overwintering seed field 
in January 1942 and stored at —0.5° C. until April 20, when those in row B 
were removed from the low-temperature chamber and stored at ty^proximately 
26°. Sixteen days later both lots were replanted in the field. Photographed 
June 28, 1942. 


temperatures are shown in table 5. The other four lots were held 
at —0.85® C. until April 12, when two more lots from each variety 
were Inoved to warm temperatures. The two remaining lots of each 
variety were kept at — 0.85® as checks. All lots of beets were replanted 
in the field April 29, 19411. Those beets that were seriously injured 
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or severely affectod by ciii'ly top wore eliminaltHl before bolting counts 
were made. 

Some difficulty was encountered in storing the sugar beets at 
16.4° C. for 36 clays. Electrically heated incubator ovens placc^l in 
a cool room w(‘re used as temperature chambers. The beets were 
placed on trays and water w as kc^pt in pans inside the* ovens to main- 
tain high humidity. The thermal differential between the inside 
of the ovens and the outside aii* caused moisture to condense on 
the inside and drip on some of the beets. This difficulty resulted in 
considei-able spoilage in these lots. Although the percentage of plants 
bolting in this lot is based on a small number, the results are in line 
with the data based on larger numbers in lots in which there was little 
injury from spoilage. 


'Fable 5. — Effect of storage periods^ differing in temperature and duration, on 
reversal of thermal induction, in sugar beets as shown by bolting response of varieties 
l \ S. S. L. 2SJf, and S. L. 2S5, when replanted in the field April 29, 19Jf3 


\‘nri(*ry 


U. S. 22 


S. L. 2:u 


S. I. 


13, ') 



Storage 

I'em- 

|H‘raturt‘ 

lK‘riod 

Duration 

obs('rved 

Boots bolting at oiid of in- 
dicated period (days^ after 
being replanf (?d 

30 j 43 50 

; 


Duysf 

Nv mber 

Percent 

Percent 

Percent 

i 

( -{). 85 

36 

114 

96. 5 

1(X). 0 

100. 0 


9. 1 

36 

.56 

94.6 

' 98. 2 

100. 0 


JO. () 

36 

45 

93*. 3‘ 

1(K). 0 

KXl. 0 


13. 2 

36 

25 

12. 0 

48.0 

,56.0 


10.4 

36 

4 

0 

0 

0 


19. 3 

17 

51 

19. 6 

49. 1 

51.0 


2:L8 

17 

49 

0 

4. 1 

8.2 


(>) 

36 

34 

14.7 

20. 6 

20. 6 


-.85 

36 

83 

84.4 

96.3 

98.8 


9. 1 

36 

51 

74.5 

98. 0 

98.0 

1 

10. n 

36 

39 

41. 1 

79. 5 

79. 5 


13.2 

36 

17 

0 

2:15 

35. 3 


16.4 

36 

4 

0 

0 

0 


19. 3 

17 

16 

0.2 

12. 5 

12.5 


Zi.H 

17 

23 

0 

0 

0 


(') 

36 

34 

0 

14.7 

20. <) 

I 

-.85 

36 

99 

87.9 

100. 0 

1(X). 0 


9. 1 

36 

49 

95.9 

100. 0 

1(K). 0 


10. 6 

36 

35 

82.9 

91. 5 

97. 2 

i 

13.2 

36 

13 

! 53. 8 

,53. 8 

69.2 


16.4 

36 

8 

0 

0 

0 


19.3 

17 

45 

31. 1 

60.0 i 

62.2 


23.8 

17 

47 

0 

2.1 i 

6. 4 

i 

(■) 

36 

29 

10.3 

24.11 

27. 


* wiTt* slonni at average alternating temperatures of ».1° C. for Ki hours and approximately 20'^ for 
hours daily for 3t) days before they were replanted. 


The data in table 5 show' that some reversal of thermal induction 
occurred at temperatures near 10° to 12° C. About the same amount 
of reversal was effected in sugar beets stored at 13.2° for 36 days as 
in similar beets stored at 19.3° for only 17 days. This indicates that 
the rate of reversal at 19.3° was approximately twice as great as at 
13.2°, Th(‘re was a rather striking reduction in the percentage of 
beets bolting in the nonbolting variety S. L. 234 stored at 10,6°. 
In the two other varieties the reduction in plants bolting after storage 
at this temperature was so small as to be of questionable significance. 
At 13.2° all the varieties showed pronounced reduction in percentage 
of plants bolting. 

Those sugar beets stored at alternating temperatures for the entire 
period of 36 days showed a marked reduction in bolting response. 



store 

reprt 

repla 
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DISCUSSION 

The exi8teiu*(‘ of a substance or substances that may be responsible 
for reproductive development in higher plants has be(‘n suggested 
by many writers (^, 6, 7, 8). The principal basis for this assumption 
has been the demonstration that photoperiodically produc(‘d sub- 
stances or stimuli (i, 4) ruay be transferred from one part of a plant 
to another through grafts or by manipulating light exposurei or foliar 
growth. Sugar beets apparently develop reprodiictiv(‘ly as a result 
of the production and accumulation of a substance or substances in 
sufficient quantities to (‘ause the morphological chang(>s that occur. 
The influence of temperature on the rate and reversibility of the 
process seems to support the assumption that it is of a chemical 
nature. The data in table 5 show that the rat(‘ of reversal was 
approximately twice as fast at 19.3® C. as at 13.2®. This indicates 
a temperature coefficient of approximately 3.3 for the i*ate of reversal 
between 13.2® and 19.3®. The fact that the temperature coefficicuit 
of reversal is high, while not considered as proving the chemical 
nature' of the process, is thought to afford evidence supporting this 
viewpoint, inasmuch as the usually accc'pted value of the tem])('rature 
(coefficient of pui'ely physical pro(cess('s is relatively low, ranging from 
1.2 to 1.4 at the temperatures that ordinarily prevail in the plant. 

The available data on thermal induction and on the. reversal of 
the pro(*ess in sugar b('(»ts sei'in to justify the assumption that tliis 
induction process may be considered to exist in a state of complete 
reversibility until sufticieiit seedstalk development occurs to partially 
prevent revtcrsal of reproductive devidopment. That this morpholog- 
ical differentiation exerts a restraining influence on reviTsal is shown 
by the fact that r(cproductive development usually continues in 
spite of the high temper a turics that prevail in some sec'd-gi'owing 
areas during the period of rapid seedstalk growtli and flowering. 

A gradient in the amount of thermal induction between the small 
amount occurring at a relatively warm temjx'rature and the large 
amount attainabte at a cool temperature is indicated by several 
lines of ('videiuce. At warmer temperatui’ics a little tlu'cmal induction 
will occur if the beets involved have not been thermally induced pre- 
viously. If the beets involved have alr(*ady received extensive 
thermal induction, holding them at the warmer temperature will 
I’esult in reversal of tlu'rmal induction toward the equilibrium h'vel 
for that temperatur(?. 

An example of oni' line of evidence of the gradient in extent or 
amount of thermal induction has Ixhui req^orted previously {11). 
Clone No. 138 is a non bolting type and remains vegeta ti ve under 
(conditions which cause most sugar beets to devtclop seedstalks. An 
87-day treatment of plants of this clone at 0.5® to 2.2® C. did not 
induce bolting except when follow<'d l)y a fa vorable environment for 
bolting, that is, one affording a long photoperiod and moderately 
(*ool temperature. However, storage for 172 days at 0.5® to 2.2® 
induced bolting even in an environment that was unfavorable, that 
is, one affording short photoperiods and relatively warm temperatures. 
This indicates that there was more extensive thermal induction as a 
result of the longer period of storage at cool temperatures. Experi- 
ments with other varieties gave similar results. 

Another line of evidence is afforded by comparing the responses of 
the vari(5tie8 S. L. 68 and U. S. 15. The former vwiety is an easy- 
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bolting type, whereas the latter is decidedly nonbolting. Plaiits of 
S. L. (>8, stored 53 days at 9.5° to 10.2° C., received enough thermal 
induction to effect complete bolting under very favorable photo- 
periodic conditions. U. S. 15, on the other hand, bolted incompletely 
under a similar photoperiodic environment after storage for 88 days, 
ev^en at 4.7° to 6.3°, a temperature evidently more favorable for 
thermal induction (table 1) than the higher temperature found to be 
•adequate^ with S. L. 68. There was more bolting in be(‘ts of vari('.ty 
U. S. 15 stored at 4.7° to 6.3° than in those stored at 8.4° to 9.7°. 
From these facts it appears that the temperature limitation in the 
relativ^ely warmer ranges permits an amount of thermal indiudion that 
is adequate for complete bolting in S. L. 68, but inadequate in tlu' 
case of U. S. 15. 

The bolting responses of tln^ nonbolting varietv S. L. 234 and the 
two int(*rmediat(^ bolting varieties U. S. 22 and S. L. 235 afford further 
pertinent evichuice. The data in table 5 and figure 5 show that there 
was an appreciable rcMluction in boltij)g of S. L. 234 after storage 
at 10.6° C, for 36 days; U. S. 22 and S. L. 235 showed little rtHhjction 
in bolting after stoi-age at 10.6°, but a (hdinite reductioJi in bolting 
after storage at 13.2°. 

The bolting response of a hypoth(‘ti(‘al population of beets represent- 
ing all possible dc'giees of bolting t(‘ndency from easy-bolting to the 
most nonbolting types and gi'own at temperatures ranging from 3° to 
18° C. for a long period before^ they are subject(Ml to more rapid 
gi-owing temperatures and long photoperiods, might be reprc'scuited 
by a curve similar to EF in figure 6. That is, only the easy-boltiiig 
types would bolt after exposure at 12° to 15°; otluus, of iidermediat(»- 
bolting tendency, would bolt after exposure at 8° to 10°; and still 
more nonbolting types might bolt after exposure to cooler tempera- 
tures, depending upon the amount or degi'ec^ of induction necessary 
to satisfy the thermal-induction requirement of ('ach type*. The above- 
mentioned data seem to imlicate that essentially Uk* same* result 
might be approached, either by thermal induction of beeds not ther- 
mally induced or by re*versal of thermally indu(*ed ones. 

The foregoing facts and inferences se(‘in to support tlu* hypothesis 
that a high degi’ee of thermal induction is attainable* at a compara- 
tively cool temperature, that a low degiee is possible at the* other 
eixtreme of the temperature range within which the proe*ess e-an take 
place, and that for each degi’ee of tempe'rature b(‘tweem these points 
the)re‘ is a corresponding, intcirmediate elegi*ee of thermal indue*tion 
attainable'. According to this view there is a gi*adient in the degree* 
of thermal induction, dependent on temperature. 

The dhection of the thermally induced changes (thermal induction 
or reversal) is thus dependent upon the storage t(^mpe>rature and the 
amount or degree of thermal induction attained before storage. 
Thermal induction seems always to increase, although slowly, at 
temperatures near the freezing point. The amount of thermal in- 
duction attainable as temperatures are increased, decreases until, at 
12° to 15° C., little or none occurs. At temperatures above about 15° 
any appreciable amount of theimal induction effected previously is 
reversed. If a large amount of thermal induction has been effected 
before experimental storage, a partial reversal will occur if the storage 
temperature, even though cool, is higher than that to which the 
beets were previously exposed. On the other hand, if no thermal 
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induction has been effected previously, an observable amount of 
thermal induction may be effected in an easy-bolting variety at 
temperatures even as high as 12° to 15°. Thus there is an intermedi- 
ate range of t(*mp('ratures at which either thermal induction or 
reversal may occur. This is believed to indicate a shift in the bio- 
chemi(‘al equilibrium of the plant as a result of change in temperature. 
Since the process is thermally reversible, it might be represented by 
an equation in which Fo repres(‘nts a condition favoring reproductive 
development whih^ rO reiiresents a condition favoring vegetative 
development A graphic illustration of this concept is 

shown by tin* curve KF^ di-awn in relation to the left and base a.xes of 
figure fi. It should be borne in mind that the curve illustrates th(^ 
ultimate amount or degree^ of thermal induction that might result 
at a given temp('ratur(‘ regardh^ss of the direction of approach or the 
time required to establisli equilibrium. 

Temperature' also influence's the rate of thermal induction anel of 
reversal. The fael that the rate of thermal induction is greatly 
reduced as storage' te'iiiperature's approach the freezing point indicates 
that this process is retareh'el as the' bioe'hemical proe'e'sses iiivolvexl 
approae*h quie‘se*ence'. Within the' favorable' temperature range for 
thermal indue*tion, the rate increase's as the temperature rise's. The 
fact that the rate of reversal similarly ine're'ase's as the te'mperature 
rise's indicate's that, eve'ii though the' eiiree'tions of the'se change's in 
de've'lopmental re'sponse' are diameti'ie'ally op]>osite, the're' is continuity 
in the rate of the changes induceel by te'm})e'rature. In other words, 
the relation of te‘mj)e'rature to the' direction e)r kind of change is dis- 
continuous, as jirove'd by the i-eversible nature of the ])j*oce'Ss, but the 
re'latiou of te'm])e'rature' to the rate at whie'h the'se' changes oe'cur is 
e'ontinuous. Tlie curve's Gil anel IJ, elrawn in re'lation to the base 
and light axes of figure (i, illustiuite the' write'r^s conce'pt of the reflation 
between ti'injicrature anel rate of the'imal induction and re've'rsal, 
re'S})ective'ly. 

The interaction of the two previously ele'seTibe'el JH'lations (illust rate'd 
by the curve's E’/' anel GH- IJ in fig. 0) re'pre>se'nts the writer's inte'i- 
pretation of the re'proeluctive re'sponse of sugar beets to storage tem- 
pe'ratures when such the'rmal e'xposure is followeel by a favorable 
pliotope'rioelic environment. It is evident that, although a large 
amount or high eh'gree of thermal ineluction may be attaineel by 
storing sugar beets at a temperature' near freezing, a long period 
of time is re'epiired bee*ause of the' re'duceel rate of change that occurs 
at sue'Ii te'inperatures. At higlu'r te'inperature's, e. g., 6° to 8° C., 
the rate of induction is more rapid anel the amount or eie'gree of induc- 
tion possible at sue'h te‘m})eratur('s is probably adequate to induce 
bolting in most varieties, provide'd the beets are replanteei in an 
emvironme'nt affording temperature's cool enough and i)hotope>riods 
long enough to preve'iit reversal from e)ce‘urring l)efore re'productive 
development is initiated. Reversal of thermal induction in plants 
aftei* tlu'y are replanted in warm we'ather is thought to indicate 
another reason why Pack (12) found late planting of mother beets 
unfavorable for seen! production. 

Pack's (13) observation of complete bolting of beets after storage 
at 0° C. was probably due to the fact that there may hav^e been 
some thermal induction in the field in the fall before harvest Pack's 
dates of storage in one test are not stated, l)ut tlie beets used in another 

678506- -46 a 
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lost were apparently received from Fort Collins, Colo., and experi- 
mental storage started during the latter part of November. The 
beets were replanted in the field at Salt Lake City, Utah, on April 1, 
after about 120 to 130 days of storage. Fall temperatures at Fort 
Collins and spring temperatures at Salt Ijake City are regularly cool 
enough to result in considerable thermal induction before November 
and also after April 1. Pack, therefore, was rneasui-ing th(‘ thermal 



FicuiRE 6 .- - Diagram illustiating a hypothosis conccriiing the separate effect 
of temperature ou the amount or degree of thermal iiiductioii attaiiial)l(‘ and 
also its effect on the rate at which these thermally induced change's occur. 
Since the two relations have a common axis (tem))erat ur(‘) they are illustrated 
in the same figure. The curve Kt\ drawn with resi>ect to th(' left and base 
axes of the figure', indicates th(' relation of temperature to th(^ amount or 
degree of thermal induction })ossible at a given tc'mperature. Thermal in- 
duction can occur only under conditions existing within the boundary of this 
curve. (At temperatures higher than F, only substances favorable to veg(‘tat iv(j 
development (rO) are accumulated.) I'he curve (r//, drawn with respect to 
the base and right axes of the figure, indicates the initial late of thermal in- 
duction at temperatures where thermal induction is i)ossible. The curve /./, 
which h an extension of the curve GH, represents the influence of temperature, 
on the initial rate of reversal at tcinperatuies where' reversal oe^curs. The 
direction (thermal induction or reversal) of the changes that occur at tem])era- 
tures illustrated by the ovej lapping portion of tlje curves G/I and /./ depends 
upon the amount or dfigree of thermal induction attained before experimental 
storage. If beets that have previou.«ly been thermally induced to an amount, 
or degree represented by points p or pi are stored at temperature p, thermal 
induction will occur at rate r until an amount or depee of induction represented 
by point p on the curve EF is approached. If a similar l)eet is stored at tem- 
perature pi, reversal will occur at rate rj until coinidete reversal is effected. 

iiuliiclion effected both before harvest aod after rephuitiog as well 
as during experimental storage^ 

Information regarding the effects of temperatur(» on reproduction 
of sugar beets as it applies to overwintering the plants in the field 
is of great interest in the United States, because this has IxK’ome the 
predominant American method of sugar-beet seed growing. The 
fact that prevailing temperatures in some of the seed-growing areas 
are too warm (W) has emphasized the desirability of cooler tempera- 
tures, but Shawls (J4) results and those obtained by the writer have 
shown that, for optimum thermal induction, temperatures should 
not be too cool. From the standpoint of temperature, the most 
desirable seed-growing area, especially for the reproduction of non- 
bolting varieties, would be one m which moderately cool temperatures 
prevaU continuously over a long period or one in which the transition 
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from warm to low temperatures in the fall and from low to warm 
temperatures in the spring is long and gi’adual. 

The rapid rate at which reversal of thermal induction occurs at 
warm temperatures (tables 4 and 5 and figs. 4 and 5) suggests an 
explanation for the failure of nonbolting varieties to reproduce satis- 
factorily in some of the warmer seed-growing areas. Warm midday 
temperatures during even the cooler periods may so counteract the 
effect of favorably cool night temperatures that little net thermal 
induction results. Then, too, short periods of warm weather occur in 
these areas during late fall, wintc'r, and early spring. Su(di unfavorable 
conditions, occurring before initiation and early development of seed- 
stalks hav(‘ b(‘en effected, may be very detrimental to seedstalk 
development. Tolinan {16) found differences as great as 10° C. 
b(‘tween the crown temperatures of normal and small-sized or defoli- 
ated beets during midday in February, and he showed that these 
temperatures wer(‘, correiated with the percentage of plants that 
remained vegcdative or produced no seed. Tolrnan also showed that 
certain cultural {)ractices maintained a more favorable thermal envi- 
ronment, which r(‘sulted in an increase of plants producing seed, 
thereby increasing seed yi(*lds. 

Tin* fa(‘t that thermal induction is greatly ndarded at temperatures 
near 0° C. can be utilized in breeding nonbolting varieties of sugar 
Ix'ets. S(H‘d can be plant/cd iji the field in the fall; and then in late 
V int(‘i*, after thermal induction has Ixaui completed only in the easy- 
bolting types, the beets can be placed in storage at —0.5° to 1.0°. 
Storage at such temperatures will virtually arr(‘st further* ther’inal 
induction during tlu' I’emaining cool moutlis until the beets cau be 
j*e|)lanted in th(‘ field the following spring. The easy-bolting typers 
will tin'll produce' seedstalks and can be eliminated. This me'tliod has 
been used with success during two seasons by F. V. Owen and the 
writiCr. Field conditions alone do not consistently permit- such efl'i'c- 
tiv(' separation of easy-bolting fi‘om nonbolting ty])es. 

The facts that thermal induction is greatly l•etard('d at temperatures 
lu'ar 0° C., that tin' initial rate is more* rapid at 0° to 9°, and that the 
i*at(* of re'versal of the proce*ss is greatly accelei*ated at about 25° 
suggest an ('xpla nation for tin? infiuene'e that cei*tain cultin*al prae*- 
ticj's, de'signed to modify the thei’inal environment, also have on 
bolting (,9, 16) and afFor*d a better basis for* devising methods to 
infiin'nce bolting. In bee'ts grown for seed, comph'te bolting is desir- 
able and practices favorable to it should be used; l)ut in beets gi*own 
for sugar*, bolting is objectionable and pi*actices unfavor-able to its 
oc(*ui*r*(*nce should be followe'd. 

SUMMARY 

A measurement of the relative iufiiience of different storage teinpei*- 
atures in inducing repi’oductive development in sugar beets was made 
l)y conducting bolting tests in a wai-in environment under long photo- 
periods. In general, beets bolted moi*e rapidly and in larger number-s 
after storage at 6° to 9° C. than after storage at cooler temperatures 
for similar periods. Storage of bc'ets at temperatures near 0° induced 
little change in the rate and percentage of plants l)o]ting, indicating 
that the processes involved in thermal induct ion ai*(^ nearly arrested 

® Geneticist:, Division of Sugar Plant Investigations. 
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during such storage. Reversal of thermal induction occurred in beets 
that had been thermally induced previously, when those beets were 
stored at relatively warm temperatures (11° to 26°). The rate of 
both thermal induction and reversal of the process increased as the 
temperature was raised, the temperature coefficient of reversal being 
about 8.3 between 13° and 19°. The maximum amounts or degrees 
of thermal induction possible at the various temperatures within the 
.favorable temperature range appear to form a gradient. Apparently 
there is continuity in the rate of any thermally induced change. 
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ENVIRONAL FACTORS AFFECTING DOWNY MILDEW 

OF CABBAGE ' 

B}" Matthias W. Felton, formerly msistantf and J. C. Walker, professor of 
plant pathology^ Wisconsin Agricultural Experiment Station 

INTRODUCTION 

Downy niild(‘w {Peroumpora parasitica (i'l*.) Tul.) has heea 
re‘poi’tf‘(l as a serious disease of the kohl group of erueifers {Brassica 
oUracea L.) in Europe {2, 12, 15),^ India (3, pp. 297-300), South 
Africa (6'), Australia (17), and the United Statics (5, 8, 11, 13, 18). 
Th(‘ disease on eal)l)ag(' (B. oleracea var. capitata L.) has several 
phases, tlu‘ S('\erity of each depending upon current weather condi- 
tions. It commonly causi's S(‘vcr(‘ damage to seedlings, particularly 
during winter months, in the southeastern part of tin' United State's 
(Jty 7, IS, 21).'' Ordinarily the fungus continues to dev(‘lop aftiT 
transplanting but it is usually of minor importance' at that time. 
As the crop approaches maturity under environrne'ntal conditions 
favoralih' to the* mildew fungus, damage to the' head may result. 
Bacterial soft-rot organisms may ('liter mildt'w h'sions and cause 
damage in transit, whih* systemic invasion of lu'ads in stoi-age may 
lead to a dry-rot de'cay (10, 19).^ 

The investigation reported he'rein is coiK'ci'ned with the host range 
of the physiologic race' of the causal organism occurring on Brassica 
oleracea in the' Unite'd States and with the* (*fr('et of e'uvii'onmental 
conditions, pai’ticularly te'mpe'rature and liost nutrition, upon eh've'l- 
opme'nt of the dise'ase* in cabbage* seedlings. The studie*s w(*re carried 
on in the gree'iihouse' at Madison, Wis. 

HOST RANGE OF THE PATHOGEN 

The prolile'in of distinguishing be'twe'en the various forms of 
Feronospora which oe'cur on me'inbers of the Crue'iferae has concerned 
mycologists since the first de'seription was made in 1796 by Persoon 
(9) as Botrytis parasitica Pers. on Capsella hwrsa- pastor is (L.) Medic. 
Fries (9) in 1849 transferred the* fungus to the* ge'uus Feronospora , 
which had bee'n e'stablished in 1837 by Corda in his description of 
F. ramicis Coi’da. Wilson (22) suggested a division of F. parasitica 
into three species on the basis of morphological differences in the 
conidia. Gaumann (9, 10) demonstrated that spore* size alone was 

' Rewived for publieation March IT), 1944. 
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not an adequate means of separation of sp(>cics in this g^roup, but, 
as a result of further morphol()g:ical studies and eross-inoculation 
experiments on ov('r 100 species of the Criu’iferae, he published an 
extensive report on the physiolog:ic races of F, parasitica and proposed 
52 new species. In view of the uncertainty with which races of this 
fungus can b(' distinguished on any other basis than their host 
relations, the writers have retained the binomial Peronospora 
parasitica (Pers.) Fr. 

Collections of the fungus on cabbag^e wer(‘ secured from Florida, 
Louisiana, Texas, and Wisconsin. They were first inoculat(*d to 
members of Brassica oleracea, including red and green vaih^ties of 
cabbage, Brussels spBouts {B, oleracea var. gernmifera DC.), cauliflowei* 
(B. oleracea var. botrytis L.), broccoli (B. oleracea var. botrytis L.), 
kohlrabi (B. oleracea var. gongylodes L.), and collard (B. oleracea var. 
piridis L.). All of tlu^se were very susccq^tible to each collection of the 
fungus. When ('ach collection was inoculated to radish (Rapluinus 
satknis L.), turnip (Brassim rapa L.), rutabaga (B. campestris vai*. 
napobrassica (L.) D(k), rape (B. napus L.), cliarlock (B. arvense (L.) 
Ktze.), and black mustard (B. nigra (L.) Koch) h'sions w(‘re ])roduced 
in the form of ?u‘crotic. fh*cks, but no spores were p!‘oduced. Iirthe 
case of garden cress {Lepidiurn sativum L.), sto(*k {Maffhiola Incan a 
var. annua (L.) Voss), wallflower {(lieiranthus cheiri L.), ai-abis 
(Arabis alpina L.) , sheph(Tds-purse {Capsella bursa-pastor is (L. ) 
Medic., and white mustard {B, hirta Moench {B. alba (L.) Kalxmh.)), 
no visible signs of infection whatsoever were observed. It app(*aj-t‘d, 
therefore, that the four collections belonged to a single ra(‘e and tha t 
this race was confined in its successful pathogenicity to B. oleracea 
in the list of possible hosts tested. Whih* oth(‘r possibl(‘ host specie's 
should be tested, it is evide'iit that tlu're is as yet no basis for consith'i- 
ing wild hosts as a source' of inocidum of the cab])age downy mileh'sv 
organism in Ame'rie*a. Elimination of crucife*rous wee'els is, the're'fore', 
not a well-founded e’ontrol me'iisure. Tlie colle‘e*tion from Wisconsin 
was used for further experiments de*scribed in this paper, 

TEMPERATURE RELATIONS OF THE FUNGUS 

SPORULATION 

Leaves selected late in the afte'rnoon from inoculated plants, 2 days 
after symptoms had become visible but bt'fore sporulatie)n hael oc- 
curred, were c*hilled by plae'ing theun at 4° C. for 1 hour. Tlnw were 
then sprayed with distilh'd water from an atomizer, and six leavc'S, 
selected at random, were placed in each of seven moist chambers at 
4°, 8°, 12'^, 16°, 20°, 24°, and 28°, respectively. Aftc'r approximately 
12 hours, sporulation had occurred at teniperatures of from 4° to 24°, 
the most abundant development of spores occurring at 12° and 1()°. 
At 36 hours, sporulation was still greatest at 12° and 16° and nearly 
as profuse at 8°, but it was sparse at 4°, 20°, and 24°, and at 28° tlu're 
was none. A repetition of this series with leaves on which the lesions 
were somewhat older gave similar results. Other observations in the 
greenhouse confirmed the evidence that best sporulation occurs at 8° 
to 16°, and it was noted further that from the lesions at these tc'in- 
peratures the fungus continued to sporulate longer than at other 
temperatures. 
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GERMINATION OF CONIDIA 

Coiiidia were colleeted in the morning from leaves whieli had not 
previously sporulated and which were from plants that had Ix^en placed 
in a moist chamber the previous afternoon. This method was most 
satisfactory since it provided a crop of newly formed conidia. Fresh 
spores were desirable because it had been observed that they were 
(‘xtremely sensitive to aging and to desiccation. Suspensions in re- 
distilled w'at(U‘ were made by removing the conidia from the sporu- 
lating lesions with a camers-hair brush. (Jlass slides were treated 
for 24 hours in a solution of potassium dichromate in concentrated 
sulfuric acid, washed in distilled water, boiled for a few minut('S in a 
solution of sodium bicarbonate, wuished in several changers of distilled 
water, and stoi’tnl in distilled water until needcHl. Small, moist cham- 
bers lined wnth wuiter-saturated absorbent (otton were maintained in 
incubators at the various temperatures to be studied. Slides to be 
used were pla(‘ed across glass rods in the bottom of ea(‘h chamber. 
Aft(‘r at least 12 hours had been allowuxl for the moist chamber and 
slid('s to adjust to the temperature of the incubator, drops of freshly 
ma(l(‘ sporc' suspension wx‘re placed on each slid(\ With tln'se pr(‘cau~ 
tions little or no condcuisation on the slides occurrtHl, and the drops of 
s[)or(‘ suspt'iision rcunained for a wx‘(‘k or 10 days without an appreci- 
al)le cliang(‘ in volume. The constant-temperature incubators used 
W'ere adjusted to 4° to 6°, 8° to 10^, 12°, 16°, 20°, 24°, and 28° C. 
A slide was tak(Mi from each chamber at various intervals, and a drop 
of osmic acid w'as added to th(' drops of spore suspension to kill and 
to fix spores and germ tubes immediately. At least 500 spoies w(‘r(* 
iiKvluded in each ([('termination. The U'lnperatures inside am] im- 
mediately outside of ('acdi chamlxu* W'Ore reconh'd with each ([(‘termi- 
nation. 

Several ('Xj)eriments wx're run wnth similar results. The data from a 
typical one ai*e j)resent ed in figure 1 . A high percentage of g(*rmina- 
tion occuT'red promptly at all temperatuic's between 6° and 16° C. 
Germination wuis v(‘ry much reduced at 20°, very meager at 24°, and 
none occurrc'd at 28°. It may be seen, howxn^er, that the initiation of 
germination was decidially the most rapid between 8° and 12°, where 
nearly 60 percent had germinatf'd wuthin 3 hours, while less than 20 
p(Mcent germination was recordf'd at all other ti'mperaturc^s at this 
int erval. This is, of course, a very important factor when tlu' period 
of high humidity conducive to g(‘rmination is short. At intervals 
above 8 hours th(*re wuis little difrerence in the pi'rcentage of total 
germination at temperatures of 16° or below . In fact, there wuis a 
tenden(‘y for the highest jiercentage of germination to occur at the 
lowest temperature, wdiich in this case wuis about 6°. 

PENETRATION 

Leaves of comparable ages wx\re picked from young cabbage plants, 
and six, selected at random, w^ere placed in each of six moist chambt'rs, 
which were placed in incubators adjusted to 4°, 8°, 12°, 16°, 20°, 
and 24° C., rc^spectivedy. After 24 hours several drops of spore sus- 
pension were placed on the lower side of each leaf. Leaves were 
re^.moved frequently from each chamber and examined for the pc'i- 
centage of germination, formation of appressoria, penetration, col- 
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lapse of eonidia, and formation of haustoi*ia. The results are given 
in figure 2. Germ tubes appeared first at 12° and 16° and next at 8°. 
Appressoria formed first at 16° and next at 12°, 20,° and 24°. Pene- 
tration occurred first at 16°, next at 20° and 24°, and spores collapsed 
first at these tliree temperatures. Haustoria formed first 5 hours 



after inoculation at 16° and 20°-^ and an hour later at 24°. Thus, 
while temperatures between 8° and 12° showed the most rapid 
germination as measured by percentage of spores germinating, the 
process of appressoria! formation and penetration was optimum at 
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16°. xVIoroover, penetration and development of haustoria proceeded 
more promptly at 20° and 24° than at 12°, and tlie progress was 
decidedly delayed at 8° and 4°. After 22 hours the haustoria were 



4 8 12 16 20 24 


TEMPERATURE (**0.) 

Fkujhe 2. — Effect of temperature upon penetration of fungus and cievelopment 

or haustoria. 

most abundant, and the diameter of the myeelium was greatest at 
16°. Tlie development of the fungus was next most vigorous at 20°. 
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RELATION OF TEMPERATURE AND HUMIDITY TO DISEASE 

DEVELOPMENT 

CONSTANT TEMPERATURES AND HUMIDITIES 

The development of mildew was studied first at constant temper- 
atures and high humidity on young seedlings. Four flats of plants 
just showing a third leaf were inoculated with a suspension of spores. 
After 20 hours at 15° C. in a moist chamber, chlorotic spots with 
faintly flecked centers marked the points of infection on the first and 
second leaves. At this stage one flat each was placed in greenhouses 
at 16°, 20°, 24°, and 28°, respectively. Three days after inoculation 
cotyledons at 24° had begun to wilt, and leaf lesions were distinctly 
more advanced than'kt 20° or 28°; little progress was evident at 16^. 
At 4 days the cotyledons at 24° had become desiccated, and lesions 
were more pronounced on the hypocotyl and leaves. The disease 
continued to progress most rapidly at this temperature, followed in 
descending order of severity by temperatures of 28°, 20°, and 16°. 

The experiment was repeated with potted plants having six to 
eight leaves. After inoculation and a 24-hour incubation in a moist 
chamber at 15° C., some plants wen*, placed on an open bench in 
r(‘latively dry atmospherf*, and others were kept under a cloth moist 
chamber in which the air was kept saturated by minins of a fine spray 
for an atornizei*. The temperatures at high liumidity were 12°, 16°, 
20°, and 24° C., respectively, wliile those at low humidity wvro 16°, 
20°, 24°, and 28°. Symptoms were evident at low burnidity at 20°, 
24°, and 28° on the fourth day after inoculation and on the fifth day 
at 16°. Again the disease progressed most rapidly at 24° and nearly 
as rapidly at 28° while the affected leaves dropped promptly at these 
high temperatures. At high humidity the disease developed most 
rapidly, and sporulation was abundant at 24°, while at this tempei- 
ature and at 20° the tissue on which sporulation occurred was invaded 
promptly by secondary organisms. 

In a tliird exiieriment plants at the fifth-h*af stage wei*c ust‘d. The 
same temperatures at low humidity were providtul; at high humidity 
the temperatures were 12°, 16°, 19°, 23°, and 28° C. Tlie results 
ar(i presented graphically in figure 3. Since the pres(*nce of spores 
actually marks the completion of the cycle in tlu^ liost, their app(‘ar- 
ance is the most suitable character for use in determining the incuba- 
tion period. Furthermore, the development of symptoms may be 
influenced by the effect of relative humidity, sunlight, soil moisture, 
and other factors on the host, while sporulation is a dire(*t indication 
of the pro^'ess of tlie fungus. The disease appeared first at 24° at 
low humidity and next at 23° at high humiditv. Initial sporulation 
appeared first at 23° at high humidity. The lesions at 20° and 24° 
were darkest in color; those at 28° showed a pronounced yellow halo. 

The three experiments demonstrated that progress of the fungus in 
the host tissue was most rapid at about 23° C. At high liumidity the 
cycle from conidium to conidium was shortest at this t(*mperature, 
although, as shown earlier, sporulation was most abundant at from 
8° to 16°. The appearance of symptoms was also most prompt at 
23° or 24°. The fact that the first signs appeared some 12 hours 
earlier at low humidity is due to the fact that invaded tissues collapse 
more rapidly at low than at high humidity and the lesions thus become 
visible more promptly. 
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ALTERNATE LOW AND HIGH HUMIDITY 

Natural climate often consists in alternating periods of high and low^ 
humidity. To approximate such a condition with controlled tem- 
perature, cabbage plants selected for uniformity of size and vigor 
were inoculated in tlve moist chamber at 16° C., and 5 days later when 



Figure 3. — Effect of five different temperatures on the initial sporulation of 
fungus at high humidity and upon initial appearance of symptoms at low and 
at high humidity. 


heavy and uniform infection became (wident, they were transferred 
to greenliouses at 16°, 20°, 24°, and 28°. Twelve plants V^ere placed 
in a moist chamber and six on an open bench in each house. The 
plants in the moist chambers were subjected to alternate wet and diy 
periods of 24 hours each. During the periods when the chambers 
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were sprayed with water, their temperatures ran 4 to 5 degrees 
lower than that of the rt'^pective houses in which they were kept, 
while during the dry periods the temperatures in the open moist 
chamber and in the remainder of the house were approximately equal. 
This treatment continued over a period of 4 weeks. To simulate 
natural conditions and bring about spore dispersal, the atomizer 
spray in each moist chamber was directed at the plants. 

• At 28^^ C., sporulation was abundant in the moist chamber during 
the first two treatments but rapidly decreased in subsequent moist 
periods as the infected leaves dried and fell. After 4 weeks a few 
small static lesions from the original inoculation remained, but no 
new' lesions were evulent. The plants on the open bench had lost 
all inf(‘cted leaves. At 24^ sporulation also decreased rapidly as 
early defoliation took place. A small amount of secondary infection 
was evident after 10 days, but at the end of 4 weeks there wer(‘ no 
additional lesions and the spots resulting from secondary infection 
did not produce spores. Some remauiing lower leaves showing original 
inf('ction produced a few conidiophores at the margins of old lesions. 
The plants on the bench also retained leaves showing static* lesions. 
At 20°, spoi-ulation rapidly declined after the first week. There 
was, how(‘V'e]‘, a considerables amount of se(*ondary infection pro- 
ducing lesions with normal sporulation. All plants retained leaves 
infected by tlie original inoculation, and in some of these' lesions the 
fungus sporulated to a slight degree along their margins. The plants 
on tli(‘ bench retained fewer of the originally infected leave's. At 1()°, 
sporulation was abundant, up to the time tln^ plants wc're dis(‘,ard(‘d, 
spores being producc'd on new as well as old h'sions. Thus, the dis- 
ease was most active by far at 16° be(*ause of the presence of new 
lesions and the continued activity of old lesions. Tlu‘ prolong(>d 
sporulation which followed the alternate dry and moist periods might 
have bet'n du(' in part to the low tempc'ratures during the* moist 
trc'atments. 

Upon file repetition of this experiment, but with a moist pcu'iod of 
48 hours only once a week, the results were essentially the same. 
Secondary infection was again spai*se at the tlirec' higlurst tc'inpera- 
tures although sporulation was uniformly heavy at first. The inocu- 
lum was soon depleted by the rapid drying of the infected leaves 
before additional leaves had reached stages suitable for infection. 
Lesions which did occur at 24° and 28° C. on young leaves wc'rc* small 
and inactive. At 16° new infection had taken place, and old lesions 
wn're still active'. 

The effect of te'mperature at alternate periods of low and high 
humidity was similar to that at constant humidities. As the^ temi- 
perature was raised, the rate of mycelial growth and development 
increased up to 24° C. but was retarded somewhat at 28°. However, 
temperatures of 20° and above were less favorable to disease develop- 
ment since the active sporulating period of leaf lesions was greatly 
shortened and germination of spores was reduced. It was apparent 
that at 20°, 24°, and 28° the host rapidly outgrew the effects of 
infection, for as the infected leaves quickly desiccated they became 
ineffective as sources of inoculum. Wliile the fungus developed more 
slowly at lower temperatures (12° and 16°), the period of effective 
sporulation was greatly lengthened, and the reduced growth rate of 
the host permitted heavier and more effective infection. 
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The alternation of periods of high and low humidity had little 
effect on the rate of desiccation of lesions at 24° and 28° C. However, 
at 16° the treatment suc(‘,essfull.y maintained the dis(‘ase. It seems 
probable that the early recovery of plants from the effects of the 
disease wlien temperatures wen* above 20° was in part the result 
of the greatly short(Uied period of activity of the fungus in the lesions 
and the incr(‘ased growth rate of tlu^ host. 

RELATION OF HOST NUTRITION TO DISEASE DEVELOPMENT 

The reports of iiitueased or redu(‘(‘d susci'ptibilily of cabbage 
and other crucifers to downy mildew resulting from variation in host 
nutrition are all based on field observation. Quanjer {15) stated 
that* cauliflower plants sliowing marked i)otash deficiency symptoms 
were si^verely attac*ked by Peronospora paramtica, while thos(‘ f(u*ti- 
lized with potash were but slightly attacked. Chupp {4) found 
considerable reduction of tipburn but a marked inciease in mild(‘W 
where potassium had betui added. Fertilization with nitrates also 
increased tlu^ severity of mildew, but phosphates seemed to decrease 
the amount of diseases Chupp pointed out that the (‘xjx^rimental 
data W(*r(' too limited to warrant definite conclusions but that the 
differences in disease dev(‘lopment were striking. Townsend {20) 
obtaiiK'd results which indicated that cabbage' plants grown in soil 
tre'ated with phosphorous wen* more subject while* those in soil 
treate*d with potash we*re le^ss subject to the^ elisease than plants grown 
on unfertilized soil. Bre'jne'ff {!) rc'porte'd ve*ry little diffe*rence in 
elowny mildew incidene*e on criudfers grown with various applications 
of fertilizers. De Bruyn {2) found that nutrition had little e*ffect 
on susceptibility except when* it influenced the vigor and condition 
of the leaves. Chlorotic leaves approaching sem*sc(*ne*e* were much 
more susceptible* than vigorous one's, although plants were more 
suse-eptible during the summer whe*n light was stronger anel of longer 
duration. She* concluded that the influ(*nce of soil fertility was 
see*onelary to that of the vigor of the* foliage. 

The conflicting evideuice just cited indie‘ateel that a pj’ofitablo study 
might be made of the effect of nutrition e)n downy milde^w. A con- 
stant drip method, already dese*ril)ed by Pryor {14)^ for applying 
nutrient solutions to pure epjartz sand was adopted fe)r the preisent 
investigations. Each series, s of plants was given 8 different nutrient 
treatments: Excesses and deficiencies of nitrogen, potash, and phos- 
phorous; deficiency of sulfui*; and a balancc^d nutrient. Cabbage 
seedlings were grown to the first-leaf stage in sterih^ quartz sand and 
20 wer(^ transplanted to each pot. Three or 4 pots were used in each 
treatment. When the plants were 7 to 9 inches tall and showed from 
8 to 10 leaves, thej^ were inoculated simultaneously in a large chamber 
and returned after 24 hours to the drip system. Dis(^as(^ readings 
were tak(ui after symptoms had fully developed. The number of 
lesions on mature leaves and their relative size were estimated and 
rated according to severity jn classes ranging from 1 to 10, and a 
disease index was obtained by multiplying lesion-spread b}" lesion- 
number ratings. A sporulation index was used to indicate the pro- 
portion of the lesions whicli sporulated after the period allowed for 
development. A plant-size index was also employed with 1 repre- 
senting the smallest size of plant in any given series and 10 the largest. 
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The plants in the first experiment were placed in the moist chamber 
on the morning of March 2 and were inoculated at 12° to 15° C. with 
a uniform suspension of freshly produced spores late the same evening. 
The moist treatment was continued until the following afternoon, and 
additional 24-hour moist treatments were provided on the third, 
fifth, and ninth days. The readings were made on the tenth day 
following inoculation when the more severely diseased loaves were 
almost entirely permeated by the fungus. The second experiment, 
started on May 1.5, was conducted similarly except that the inocula- 
tion tempcM'atures wer<! between 15° and 1 7°. This series was reinocu- 
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Figure 4. — Graphic summary of infection by and development of Feronospora 
parasitica on cabbage plants grown in sand culture supplied with various nutrient 
solutions. 


lated on the second day, and a moist treatment was provided on the 
ninth day. Results were recorded 10 days after inoculation. In 
general, the number of lesions was slightly lower in this experiment 
than in others, probably because of the low vitality of the spores in 
the suspension used for inoculation. The third experiment was run 
during July when temperature was difficult to control. The moist 
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chamber varied between 15° and 18° during the 20-hour inoculation 
period. The day temperature of the greenhouse was about 32° 
and early drying of the diseased leaves occurred. Infection was 
heavy and records were taken 8 days after inoculation. 

Examination of the data from these three experiments reveals 
differences between the various nutrient treatments both in number 
and type of lesions. The results are presented graphically in figure 4. 
While the plants in the deficiency sedutions were very stunted, certain 
differences appeared consistently. The relative number of lesions 
developing on the plants deficient in N, K, and P was considerably 
less than on jdants deficient in S and on those having an excess of 
N, K, and P. A difference in amount of bloom on tin? leaves might 
explain part of tlu^ variation. In the — P and — S series the lateral 
spread of the fungus and the amount of sporulation wore markedly 
greater than in the plants of comparable size of the —K and — N 
series, and noticeably more than in the larger plants of the s(*ries with 
normal nutrition or with excessive amounts of N, P, or K. In the 
— P series the greater development of the fungus as compared with 
that in other series was associated with greater thickness of the 
crinkled, stunted leaves. 

Since there was reduction in size of plants with all deficient solutions 
there was no correlation betw^een susceptibility and vigor as indicated 
by size or rate of growth. In general, lesions developed slowly on 
immature leaves and very rapidly on senescent leaves. Physiologi- 
cally old leaves tended to develop more rapidly in — P and — S solu- 
tions than in — N and —K solutions and this seemed to account for 
the greater spread of lesions and more abundant sporulation on plants 
in the first tw^o solutions. 

The previously noted relation between' deficient chlorophyll and 
susceptibility was not apparent in these experiments. Leaves in the 
— 'S and --“N series were quite yellow, those in the — K series were 
bluish green, and those in the ~P series were light green. The plants 
grown with excessive concentrations of N, P, or K showed little or 
no difference in either number or spread of lesions. 

A fourth experiment was conducted in which the concentration of 
the basal solution was increased 10 times and 30 times. On June 1, 
when the plants had from six to eight leaves, they were ino(‘ulated. 
Little difference in vigor of plants at the three concentrations was 
evident until the time of inoculation, when plants in the highest 
concentration had attained growth bt^yond the optimum. Infection 
was uniformly good, but the disease developed most severely on the 
plants at the highest salt concentration. There was little difference 
in disease development between the lowest and the intermediate 
concentrations. 


DISCUSSION AND SUMMARY 

The severity of downy mildew on young cabbage seetllings is great- 
est in areas in the United States where the plants grow" in seedbeds 
throughout protracted cool periods during which relative humidity is 
high. According to Eddins (7), the disease is most destructive in 
Florida when the temperature ranges between 10° and 15° C., and 
when the plants remain wet until midmorning for 4 days. The studies 
reported herein show that the fungus sporulates most readily at a 
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range of 8° to 16^^, the conidia germinate most rapidly at 8® to 12®, 
and penetration of the host occurs most rapidly at 16°. Thus, these 
stages of the life cycle of tha fungus which are essential to the develop- 
ment of inoculum and to infection arc favored by relatively low 
temperatures. 

After invasion of the host, haustoria grow most rapidly at 20° 
and 24° C. "When disease development was studied at a range of 
temperatures, it was found that the symptoms developed most 
rapidly at 24°. When humidity was high, the lesions wliich developed 
first at tliis temperature also sporulated first. However, the disease 
ran its course most rapidly at the temperature most favorable for 
mycelial spread wkhin the host. Sporulation and reinfection were 
limited at 24° and at 28°, and an increased growth rate of the host 
resulted in more rapid maturation and dropping of the lower leaves. 
At the low temperature (16°) the growth of host and fungus was 
slower, but sporulation and reinfection were much more pronounced. 
Here the fungus was most prolific, and tlie disease devc'loped most 
profusely. 

It is tiius apparent that the low optima for sporulatiou, germination, 
and penetration are more important to disease development than the 
higher optimum for giowth of the fungus. The sc'verity of the disease 
at about 10° to 15° seems to be best explained by the effect of tem- 
perature upon production of inoculum, spore germination, anti 
infection. 

The confusing observations recorded in the literature on the efFect 
of fertilizers on the d(^velopment of mildew were not cleared up by the 
study of disease development on plants grown in a range of controlh'd 
nutrients. In fact, the results would indicate that little benefit could 
be expected in the control of mildew through adjustment of fertiliza- 
tion of seedbeds. 

The commonly cited recommendation of eradi(‘ation of cruciferous 
weeds to control this disease is of no value in view of tlu^ fa(‘t that tlu^ 
collections made of the fungus from widely separated localities in the 
United States were apparently all of one physiologic race. This race 
was confined in its pathogenicity to members of Brassica oleracea, of 
which none grow in the wild stale in this country. 
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DIFFERENTIAL BACTERICIDAL ACTIVITY OF BOVINE 
SERUM TOWARD STRAINS OF BRUCELLA ABORTUS 
OF HIGH AND LOW VIRULENCE > 

By M. R. Irwin, F^rofessor of gencHcfi, Wisconsin Agricultural Expenment Station, 
and cooperative agent, Ihireau of Animal Industry, Agricultural Research Adminis- 
tration, United States Department of Agriculture, and B. A. Beach, f^rofessor of 
veterinary science, Wisconsin Agricultural Experiment Station 2 

INTRODUCTION 

The (lis(‘overy by Boi-det (5) that the baeterieidal action of serum 
depends upon two elements, now known as immune body and comple- 
ment, was followed by intensive study of these phenomena. Much of 
the earlier literature has been reviewed by Muir and Browning {14)y 
and an extensive refenmee to lat(*r work has b(‘en given by Dingle, 
Fothergill, and Chandler (5). The role of complement in immunolog- 
ical phenomena has been reviewc^d in the excellent treatise by 
Osborn (15). 

Perhaps th(‘ majority of th(‘ studies have Ixnm made with the 
primary purpose of explaining the mechanism of immune processes. 
There hav(' hovn some, however, which attempted to correlate the 
baxderieidal oi* virucidal activity of whole blood or serum with varia- 
tion in the virulence of a pathogen, or io determine whether such 
activity was associated with resistan(*e or susceptibility of a host to a 
particular infectious agent. Foi* ('xamphs a report by Malom^ Avari, 
and Naidu (IS) has shown tlmt in the black rat {Raffys rattyf^) ther(‘ 
was a significant and positive correlation between the bact(‘ricidal 
power of wdiole blood and resistance to Bacillus pestis. In an att empt 
to determine the nature of inherited resistance to Salmonella enterituHs 
in the laboratory rat (R. norvegicu.^), Irwin and Hughes (11) obtained 
a similar positive coi'relation bcUwc'cui antibacterial actioji and re- 
sistanc’c. Furthermore', preliminary results by these authors (10) 
sugg(*st(‘d that the diffenuicc' betwecui individuals (in rats) in antibody 
content was deic'rmined in part by heritabh' factors. Bull and Tao 
(4) report their owm and cite other studies as indicating an assocnation 
of bactericidal activity of whole blood and resistanc'c in rabbits, and in 
(‘hickens as compared with rabbits, to pneumococcal infections. The 
experimental results of Silvertliorne (17) and wSilverthorne and Fraser 
(18) indi(‘ate that the bac'tericidal power of whoh' blood of human 
b(*ings and guinea pigs against various strains of meningococci is 
(‘urrelated with the virulenc'e of tlu'se organisms and with protection 
after immunization. 

Studies on the relation of the agc' incidcuicc* in human beings to the 
antibacterial activity of wiiole blood against pneumococci wnu'c 
reported by Sutliff and Finland (19) and against HaemophiluH in- 
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fluenzae by Fothergill and Wright (7). The findings of these authors 
were in agreement in showing mat the bactericidal power of the blood 
of children at an early age was relatively low or absent, and that there 
was an increase of this activity with aavance in age. The technique 
has been widely employed in studies of pneumococcal infections. 
Ward {20) found that the whole blood of individuals (human) varied 
considerably in activity toward different types of pneumococci. 
Dozois, Seifter, and Ecker {6) have stated: 

Although much of tlie work on bactericidal and hemolytic activities is con- 
tradictory, it, has been firmly established that these activities depend on the 
interaction of a t hermostable antibody and a thermolabile complement. Only the 
thermostable antibody is increased by immunization. Neither substance by 
itself has bactericidal orlytic effects. 

It has pi*eviously been shown by Irwin and Ferguson {9) that 
bactericidal antibodies (^bactericidins”) of high titer were present in 
the serums of cattle which had recovered from an induced infection of 
Brucella abortus, and whose serums had ceased to react in agglutination 
with the organism beyond the range of serums from normal cows. The 
studies reported in this paper were made to test whether (1 ) the serums 
of cows vaccinated with strain 19 of Br. abortus woidd exhibit parallel 
phenomena, and (2) whether there would be a differential activity of 
such s(*rums toward strain 19 and one of greater virulence. 

MATERIALS. AND METHODS 

On Sept(Mnber 23, 1940, 15 cows varying in age from a minimum of 
18 months were vaccinated subcutaneously with 5 cc. of Brucella 
aboriuSy strain 19. These animals were offspring of the cows that had 
made up herd 3. which has been previously described (f, 2). Tiny 
had been bred 1 to 3 months prior to varaunation. 

Previous experienc(' ^ in this laboratory in measuring the bacteri- 
cidal effect of serums which Imd a titer of agglutinating antibodies 
beyond 1:100 for Br, abortus had shown that a definitely higlier titer 
of antibodies with antibacterial action (‘b)actericidins^’) than of 
agglutinating antibodies could usually be demonstrated in such 
serums. However, since the serum of infected animals from whose 
blood the agglutinins had practically or entirely disappeared still con- 
tained demonstrable bactericidins "for Br, abortuSy as previously 
ported (9), comprehensive tests on the bactericidal activity of the 
serums of these vaccinated animals were delayed until the agglutinat- 
ing titer of their respective serums was usually 1:100 or less. The 
tests to be r(‘ported in this paper were made on the serums of t!H‘ 
animals between 6 and 18 montlis after the vaccination. 

The organisms used in these tests were cultures of Br. abortus of 
strain 19 and a virulent strain, No. 1242^^. Shortly after the experi- 
ments were started, tests ® for the virulence of strain No. 1242 were 
made on two isolates from single colonies, by the usual method of 
injection into guinea pigs. Eacb of six animals in the group injected 
with organisms of one or the other of the isolates showed a high titer 
of agglutination and definite lesions, but of varying degrees, in the 


* By the authors aud Dr. L. C. Ferguson. 

s Both strains were obtained through the courtesy of Urs. A. B. Crawford and Adolph Eichhom of the 
Animal Disease Station, Bureau of Animal Industry, tJ. S. Department of Agriculture. 

« The writers are indebted to Mrs. Mildred M. .Tohnson for making the tests of the virulence of these 
isolat<'s. 
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spleen. These results were taken as a reasonable index of the virulence 
of the isolates. Care was exercised in culturing both stiains to avoid 
the propagation of variants. 

Previous trials of the bactericidal activity of whole blood, plasma, 
S(M*um, and white blood cells alone have shown that the primary, if 
not the (‘iitire, bactericidal properties of cattle blood toward Br. 
abortus are found in the serum (8). (White blood cells alone or in 
(‘ombination with the red cells had no bacteri(‘idal effect whatever* on 
Br. abortus. As previously stated («?), serum alone, eviui from cows 
whose whole blood had very little antiba(‘terial activity, showed more 
bactericidal action toward Br. abofius than did wlmh' \)lood.) 

Essentially the same technique was employed in making tlie tests 
of the ba(‘t(‘ricidal activity of serum from the various animals as has 
l)cen previously described (8, 0, 16). Blood was taken under aseptic 
conditions from the jugular vein of the animals into tulx^s, and allowed 
to clot. The tubes usually stood at room tempcratiue for at)out an 
hour, and w('re then stored in a refrigerator until the following morn- 
ing. Beef serum diluted more than 1 :5 usually show s v(‘ry little if any 
antil)acterial a(‘tion for Br. abortus, unless (‘omph'inent from beef 
s(‘rum is added. As has been reported by Shrigley and Irwin (16), 
comphmnvnt from guinea pigs or rabbits is incapabli' of activating 
l>eef serum against Br. abortus, so th(‘ comphunent in th(‘se tests was 
obtained from cattle iiot infected wdth Br. abortus (i. (‘., ‘Vnormal” 
animals). Considerable differences in activity of the complement 
from (lifferiMit individuals have been encountered, and, insofar as was 
possible, serum from om* or the other of twx> individuals was used as 
the source of (*omplement in the tests. Tlie complement was prepared 
by absorbing serum fiom d(‘fibrinated blotul with ln*at-killed cells of 
Br. abortus (0.3 cc. of bacteria per 10 cc, of serum), at 0° C. for 20 to 30 
minutes. The antibodies, but not the comph'ment, of the serum are 
absoi'bed at this t(‘mperatur(\ Tln^ absorption was usually done in 
late afKrnoon, and the complement w as stoi cal ovcvi night in a refrigera- 
tor after bc'ing i‘emoved from the bacterial serum mi\tui*e. Centrifu- 
gation of the mixture^ w as more([uickl3Mlone witii an“ angle c(‘ntrifuge^’ 
than with the usual type*. 

In tin* bactericidal set-up there* was a se‘rie*8of tubes (pyre*x) for each 
serum and the dilTerent dilutions of each serum to be te'steel. These 
tubes contained, individually, 0.05 cc. of a decimal dilution of a 
standardized suspension of a 36- or 48-hour culture of Br. abortiis, 
euther strain 19 or 1242. The organisms were* washed off’ the slant in 
saline, and the volume was adjusteel to corre*spond approximately in 
number with a standard suspension. From this, the first dilution was 
made, 10”k The successive (lilutious are te'rnuHl 10"‘\ 1()“^ . . . 10”^ 
respectively, according to g(*neral usage. The dilutions w^ere made in 
broth so as to avoid any antagonistic action of saline* on the organisms. 
To each of the tubes in tlie series w^as then adde‘d 0.3 cc. of serum, or 
of the dilutions of serum; to tlie tub<*s containing diluted serum was 
also added 0.2 cc. of the complement. Following incubation at 37° C. 
for 22 to 24 hours, the contents of each tube were poin*e>d into a pyrex 
Petri dish with fluid tryptose agar and incubated 5 or 6 days. The 
number of colonies in each plate was then compared with that in the 
bacterial controls. As a control in each set-up on the activity of the 
complement, 0.3 cc. of serum which had been heat(*d at 50° C. for 30 
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minutes, complement (0.3 ex.) alone, and the combination of heated 
serum (0.3 cc.) and complement (0.2 cc.) were tested in the same 
manner as outlined above for the serum. Only those tests in which 
the complement restored bactericidal activity to heated serum 
approximately equivalent to that of the undiluted serum were con- 
sidered to be satisfactory and have l)oen included in the data to be 
presented. 

• For the bacterial control, 0.05 cc. of each of the bacterial dilutions 
was plated out directly in fluid tryptose agar, and the number of 
colonies in the two highest dilutions was counted after incubation. 
Usually duplicate samples were made of the two highest dilutions. 
Also, 0.05 cc. of each of tlu^ three or four highest dilutions of bacteria 
was placed in broth, incubated, and then plated with the others. 
Th<‘ (‘olonies from the highest dilution of bacteria (lO^O? when grown 
in broth, were always too numerous to be counted, as compared with 
an average number of 10 in the (‘ontrol. 

Thus in the test as a whole, the ability of the organisms to grow was 
determined by seeding from each of the higher dilutions into broth, 
and the approximate*, number from each dilution placed in the respec- 
tive tubes to be tested with the serum and its dilutions was measured 
by the bacterial control. The number of organisms in the series of 
plates testing the bactericidal activity of heated serum wuis usually 
slightly less than that of the bacterial (Control, indicating probably a 
minimum inhibition of growth ‘ by the heated serum. If there was 
little or no bactericidal activity in the tests on the complement alone, 
it was concluded that the absorption of antibodies wuvs adequate and 
the addition of complement to the various dilutions of serum did not 
by itself produce any antibacterial activity. All those factors were 
satisfactorily controlled before* the test at any time on any animal 
was considered to be adequate. 

EXPERIMENTAL RESULTS 

The antibacterial action of the serum and dilutions of serum was 
estimated by contrasting the number of colonies in the tryptose agar 
controls with those in the organism-serum mixtures. An index of 
the bactericidal activity of the serum, or dilution of serum, of any 
individual was calculated in the manner suggested by Mackie and 
Finkelstoin {12), by subtracting the last (bacterial) dilution in which 
growth occurred in the serum mixtures from the last dilution in which 
growth occurred in the control. Thus, as is shown Ln table 1, the 
undiluted serum of cow No, 68 as a rule allowed slight growth of strain 
19 in the -2 dilution, none in the --3. However, the bacterial control 
showed a mean number of colonies of between 10 and 20 in the -7 
dilution, and the bactericidal index of these tests is then 5. The 
average number of colonies, in all the tests made, in the highest 
dilution (-7) of ba(*teria was between 10 and 20. That in the next 
lower dilution (™6) was between 100 and 200. 

Thus, 0.3 cc. of serum from this normal animal was able to destroy 
somewhat more than 100,000 bacteria of strain 19, a bactericidal 
index of 5. As is shown in table 1, in the same number of tests, made 
at the same time, the bactericidal index toward the virulent strain 
(No, 1242) of Br. abortus was 4, or more than 10,000, but less than 
100,000 organisms killed by the same amount of serum which des- 
troyed more than 10’ organisms of strain 19. The bactericidal 



Jan. 15, 104G liardericidal AetivHy of Bovine Berxim to Br. ahortm 87 


indices for the various dilutions of serum of cow No. 68 against strains 
19 and 1242, respectively, as shown in the table, are as follows: For 
serum diluted 1 :10, the index was 5 for strain 19, 2 for 1242; at 1 :20, 
an index of 3 for each strain; at 1 :4(), 3 for 19 an^ 1 for 1242; at 1;80, 
2 for strain 19 and 1 for 1242; at 1:160, 2 for strain 19 and none for 
1242; and at 1:320, no definite antibacterial activity for either strain. 


1 . — Summary of several tests on the antibacterial action of the serum of a 
normal animal (coiv No. 08) against strains of Brucella abortus 
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> 0 indicates that there were no colonies in the wnnbination of 'serum and bacterial dilution: -f- indi(*ates 
the presence of a few colonies in s(nne or all of the tests; H— f , somewhat more wlonies than indicated by -f , 
but le.ss than the bacterial control -f-f 4-, an appreciable number of colonies, but not necessarily as many 
as in the bacterial wmtrol. 

Except for differences betw(‘eu individuals, the results observed 
with the serum of this animal are typical of those obtained with 
several other normal animals which have been tested in this manner. 
Usually little if any antibacterial activity toward either bactorial 
strain was shown by the serum of any normal animal at a dilution of 
1:1 60. Occasionally an animal has been tested whose serum showed 
little or no bactericidal activity beyond a dilution of 1:10. 

The reactivity of the serum of cow 68 was somewhat greater toward 
strain 19 than toward 1242 in the majority of these tests, as is indi- 
cated by the avfvrages given in table 1. Only infrequently did the 
conversf* situation obtain. This differential action toward the two 
strains, themselves differing in vdrulence, was usually, but not always, 
encountered in repeated tests of a few other normal animals. In the 
majority of such tests, however, wherever there was a difference in 
reactivity of the serum toward the two strains of the organism, it 
was (lefinitely in the direction of a greater number of organisms of 
strain 19 being acted upon than of the other. 

According to these results, the serum of a normal animal rarely, if 
ever, exhibits bacte^ricidal activity toward strain 19 of Br, aboftm^ or 
toward a virulent strain, beyond a dilution of 1:160. Repeated tests 
of such activity toward virulent strains w^ere made at an earlier date 
on the serum of animals of herd 3, prior to their artificial exposure as 
previously described (f , ^). The serums of only a few of the normal 
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animals of tliis ^roiip showed an antibacterial action at dilntions of 
1:160, those of the majority had a maximum bactericidal titer of 
1 :40 or 1:80. Therefore, any increase in the titer of the bactericidins, 
following infection gr vaccination, over the maximum observed for 
normal animals, may almost certainly be attributed to the stimulation 
induc(»d by the infection or vaccination. 

Data on tests performed with the serum cf 12 vaccinated animals 
arc presented in table 2. The digits given in the table represent the 
average bactericidal indices for the serum and various serum dilutions 
of th(^ animals listed, toward each bacterial strain. The average 
indices are listed, rather than the results of single tiials, as these 
should give for any iiuhvidual a more accurate measurement of differ- 
ential a(‘tion toward tlie two strains of Brucella^ than any single trial. 
On th(i other hand, fluctuations in the titer of the bactericidins, particu- 
larly the anticipated decrease with time, would tend to be concealed 
in an average index, depending upon the time elapsing between tests 
on an individual. 

Table 2 - The average baciertcidnl indices^ toirard, 2 strams of Brucella abortus^ of 
the serumH of 12 coivf! vaccinated at the age of 18 months or more xrith a culture of 
strain 19 
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1 The digits represeut the average index of bactericidaCaclivity at the various dilutions of serum. (See 
text for explanation.) The average number of organisms of either strain at the highest dilution (10-^) was 
between 10 and 20, and at the next highest dilution, between KK) and 2(X). Thus 0 indicates no organisms 
destroye<l; 1, more than lo but less than lOO; 2. more than 100 but less than 1,000, etc., the indicCvS corresfwnd- 
ing approximately to the respective powers of 10 in number of organisms acted upon. 


In these tests, the average number of organisms in the —7 dilution 
was 10 to 20, so an index of 1 for a particular serum dilution would 
represent no colonies present in that bacterial dilution. If colonies 
were present in this bacterial dilution of controls for heated serum and 
complement, the conclusion would be strengthened that the action 
of the serum dilutions and complement is definitely bactericidal. 
Jh the writers’ opinion, however, an index of 1 is hardly large enough 
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to b<^ considered as significant; an index of 2, indicating that 100 or 
more organisms were destroyed, may be taken as indicative of a 
slight, but appreciable, bactericidal action. The indices correspond 
to the respective powers of 10 in the minimum number of organisms 
killed. Thus, in addition to the number of organisms destroyed if 
the indices were 1 and 2, an index of 3 represents 10 ^ or 1,000 as the 
minimum number killed, an index of 4 = 10 ^ or 10,000, etc. 

In table 2, it may be seen that cow No. 15E showed a definite index 
of bactericidal activity in the undiluted serum and in the various 
dilutions through 1:5,120. These indices ar(‘ averages of four tests, 
one made in June 1941, one in January and two in March 1942. Only 
in June 1941 and in January 1942 were the serum dilutions of 1:2,560 
and 1 :5,120 included in the tests on this individual. The bacteii(*idal 
activity of this serum in the two later tests was markedly lower, morci 
[)robably be(‘ause of lessemal activity of the coinplement than of 
(i(‘creas(‘d titer of antibodies, so that the average index of the dilutions 
up to and including 1:1,280 is low relative to that of the two highej- 
(lilutions. At these times of testing and at monthly intervals between, 
the s(Miim of this animal r(*gularly sIiowcmI partial agglutination of 
Br, abortus in a dilution of 1:100. 

Just how much diff(‘ren(‘e in antibacterial action toward tln^se two 
sti’ains is jvquired in order to be able to state definitely that there is 
significant difierential action of the serum can hardly be answered. 
Ilow(wcr, ev('u small differences in difierential activity, if r(q.)eatable 
over a seih's of tests, would certainly be considered significant. 
These tests should be consid(vred on that basis. 

The serum of this animal (15E) did not difler in th(‘ presence oi' 
absence of bactca-icidal activity towuird the two strains, but rather in 
tJie numb(vr of bacteria of each strain acteil upon at the respective 
dilutioirs. The geiuu-al statement can b(‘ mad(‘ in rt'spect to the serum 
of t his and all the vaccinat(‘d animals, as was done abovc^ for the sei*um 
of normal animals, that wherever there was a differt'nce in anti- 
bacterial activity, it was ])ractically always in th(‘. direction of greater 
activity toward strain 19. 

The serums of the 11 other animals, listed in table 2, gave anti- 
bact(*i*ial activity comparable in gen(*ral with the s(‘rum dilutions of 
15E. Of those whose serums were tested at a dilution of 1:10,240, 
only two showed reactivity, viz, 2g and llg. The serums of 20E, IF, 
()3F, Gg, 25g, 33g, and 38g were rea(‘tivt‘ at dilutions of either 1:5,120 
or 1:2,560, wdiih* the s(4*ums of 8g ajid 63g were reactive at a dilution 
of 1:1,280, and only slightly if at all, at 1:2,560. The highest agglu- 
tination titer at the tiiiK' of these tests was a partial rcaiction at 1:200 
for the serum of 6g. The lowest titers (partial reactions at 1:25 or 
1:50) of agglutinins w’ere displayed at the time of the tests by the 
serums of IF, 2g, llg, 33g, and 63g, while those of the others were 
partially reactive at dilutions of 1:100. There appears to be no signi- 
fi(‘.ant correlation here between the titers of agglutinins and bacderi- 
c id ins. 

From these results it may be stated that the serum of vaccinated 
animals with agglutinating titers at or below those defining ^ ^reactors, 
as shown by these data, nevertheless may have an appreciable titcvi- of 
bactericidins for Br. aoortus of either high or low vumlence. These 
results substantiate those previously reported from this laborato^' 
(9)j which showed the presence of bactericidins in appreciaWe titer m 
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th(* serums of auimals artificially exposed to a virulent strain of Br. 
abortus (J , 2) and from whose* serums agglutinating antibodies had 
disappeared. Although the average indices of bactericidal activity 
of the serum and serum dilutions of these animals did not always 
show a differential reactivity toward strain 19 and a virulent strain of 
Br, abortus, clitferential i*eactivity w^as shown in the majority of the 
dilutions of the serums of all the animals. These results show a high 
negative* con*elation between the bact(*ricidal activity of the sei‘um of 
these vaccinated animals and the degree* of viruk’^lice of the organism. 
They also show that, ev(*n in se^rums from which agglutinins have 
disuppeaired, other antibodies for tlu* same organism may be present. 
Perha ns these latter have more significance in the resistance of an 
animal than do the agyutinating antibodies. 

Within the* p(‘riod in w^hich these tests w^ere made^ (i. e., 6 to 18 
months after vaccination) theie w^as no definite indication of a low ering 
of the bact(‘rici(lal titer. Tliat is, about an equal number of serums 
showed no change in titer as compared with the number whi(*h show^ed 
a possible reduction in activity. It is not implied, however, tliat the 
bactericidal tit(*r of the serum of any of these w'ould remain fixe^d. 

Parallel studi('s to those report(*d in this paper are in progress at 
jiresent on tlu^ serums of animals vaccinated as calves witli straiji 19, 
having as one objective to test tlie duration of the imniunity induced 
by vaccination. The serums of these thirty-odd animals have likewise 
(‘-xhibited a differential activity tow’^ard strain 19 and a viruhnit strain 
of Br, abortus. The details of these studies w ill be reported latei*. 

SUMMARY 

The bactericidal action of the serum from l>oth normal and vac- 
cinated cattle has been showm to depend on the combined activity of 
antibody and complement. 

The seriiin of normal animals usually has an appr(‘cial>le bacteri- 
cidal activity at dilutions of 1:40 or 1:80, that of some* individuals at 
1:100, rarely higher. The serum of animals vaccinated as adults, or 
nearly so, showed a definite antil)acterial activity to Brucella abortus 
at dilutions of 1:1,280 and even at 1:10,240 in some individuals. The 
serum of these individuals showed partial agglutinating reactions no 
higher than 1:100, but with that from one cow at 1:200. 

In the majority of the tests, undiluted or diluted s(*rum destroyed 
more organisms of strain 19 than of the more virulent strain. 

These tests show that even in the almost complete absence of ag- 
glutinating antibodies the serum of a vaccinated animal may exert 
antibacterial activity against Br. abortus greater than that of the serum 
of normal animals. These results substantiate a previous report on a 
paralleHinding in the serum of animals once infected, but with a titer 
of agglutinating antibodies no higher than in normal cattle. 
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ANALYSIS OF FIRE SPREAD IN LIGHT FOREST FUELS > 

By Wallace Ti. Fonk 2 

Engineer, California Forest and Range Experiment Station,''^ Forest Serviee, United 
States Department of Agriculture 

INTRODUCTION 

On the national forests there has been a trend during recent years 
toward placing on a systematic; basis such fire-control practices as 
rating fire danger, detc'rrnining the proper size of suppression crews 
and speed of attack, and iilanning fire-suppression strategy. This 
trend has resulted in greatly improving the techniques of planning and 
iminaging the fire-control organization. At the same time it has 
r(‘vea](‘d a serious lack of essential information. The outstanding 
need is for specific data on the rate at which forest fires may be 
exi)ect(Mi to spread under various conditions of forest cover, weather, 
and topography. 

Earlier studies in California by Show {13) ^ and Curry and Fons 
{6, 7) consist(;d of observations on the rate of fire spread under natural 
forest conditions of fuel, weather, and topograjihy. The initial series 
of experiments by Curry and Fons (6') in one of the least complex fuel 
tyjjcs, ponderosa pine needles, providtal data on the emiiirical relation- 
shi}) betw(‘en the rate of fire-perirneter increase, litter moisture content, 
wind velocity, slope, and time from origin of fire. Similar observations 
were made on other fuel types. 

Analysis of thes(‘ data made it apparent that without a basic under- 
standing of the many physical processes involved, tlie results of the 
experiments could not be applicni beyond the limits of the conditions 
under which tin; observa tions were mad(‘. Therefore, it became neces- 
sary to dctiamiine the fundamental laws governing the rate of fire 
spread in for(;st-type fuels. Under field conditions, however, none of 
the important factors, such as the attributes of the atmosphere, the 
arrangement of tlu‘ fuel bed, and the physical properties of the fuel 
particles, remained sufliciently uniform throughout an (experiment to 
allow exact description of the numerous variables influeiudng the rate 
of fire spread. In order to understand the influence of these variables 
it was decided to conduct expcTiments with model fin^s in beds of 
chosen homogeneous find particles. These were at first performed by 
Curry and Fons (7) in still air for different conditions and kinds of 
fuel, fuel-moisture content, and fuel-bed compactness, and later by 
Fons (J)) in a wind tunnel in which aii- velocity was controlled. 

1 Received for publication .Tuly 11, 1044. 

2 Acknowledgment is made to C. C. Buck, of the California Fore.st and Range Experiment Station, and 
n. T). Bruce, of the Forest Products Laboratory, for criticism of portions of the paper; and to L. M. K. 
Boelter and Raymond Martiuelli, of the University of California, for valualbe suggestionson the math- 
einathical treatment. 
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Concurrently with the latter experiments, an analytical treatment 
of the rate of spread of fire was being developed and utilized to direct 
the course and improve the techniques of fire control. This experiment 
and its results are described in this paper 


GLOSSARY OF SYMBOLS 


^1 — cross-Hectional area of fuel particle, sq. in. 

— surface area of particle, sq. in. 
a, 6, c, . . n— subscripts designating different fuels. 

duYo Aiyyb dc'Vc 


C- proportionalitv constant relating a particular kind of fuel bed to a standard 
chosen bed.* 

Cp~ specific heat of dry fuel at constant pressure, B. t. u./lb. ° F. 
specific heat of nioist fuel at constant pressure, B. t. u./Jb. ° F. 
temperature-difference ratio coefficient. 

7> — diameter of fuel particle, inches. 

r/-- prefix indicating differential, also depth of fuel bed, inches. 

Fy — fuel particle shape factor, <rA^. 

/—over-all transfer factor, also subscript indicating flame or film. 

/p“film conductance for convection, and conduction, B. t. u./sq. ft. hr. ° F. 
fr-~hvtsii transfer factor for radiation, B. t. u./sq ft. hr. ® F. 

//-—heat of adsorption of dry fuel, B. t. u./lb. 

Av— thermal conductivity of the air film, B. t. u./sq. ft. hr. ° F./ft. 

/y — spacing between particles, inches. 

A/— moisture content, weight of water/weight of dry fuel. 

— number of particles, 
total rate of heat transferred, B. t. u./hr. 

//(. — rate of heat transferred by convention and conduction, B. t. u./hr. 

(yr — rate of heat transferred by radiation, B. t. u./hr. 


dv 

7^ = rate of spread or in r-direction, ft. /hr. 


— total fuel surface in volume Fi, sq. in. 

T— temperature, degrees Rankine. 

/ — temperature of fuel particle at time a, ^ F. 

/o — temperature of fuel particle far away from flame, ® F. 

/i— temperature of fuel particle near flame, ° F. 

/f — temperature of flame, °F. 

/, = ignition temperature of fuel particle, ° F. 

V^~wind velocity at 1 foot above fuel-bed surface, m. p. h, 

Fi — volume of fuel bed, cu. in. 

F2 — volume of fuel in fuel bed volume Fi, cu. in. 

V — volume of particle, cu. in. 

W — weight of dry fuel, lbs. 

jy — (gamma) density of dry fuel, Ibs./cu. ft. 

7== (gamma bar) density of moist fuel, Ibs./cu. ft. 

€— (epsilon) flame emissivity. 
a— (theta) time in hours. 

a*— ignition time of fuel; time in hours to raise a fuel particle from its initial 
temperature to ignition temperature. 

X— (lambda) volume of voids per unit of fuel surface, inches, 
vf— (nu) kinematic viscosity of the film, sq. ft. /hr. 

<r— (sigma) surface-volume ratio, or fineness of fuel, inches”^ (l-f-number of 
inches) . 

0=(phi) slope of terrain, percent. 


* A portion of the analysis in its earlier stages was submitted by the author in 
May 1940 as a thesis, entitled '^Analytical Considerations of Model Forest Fires, 
in partial fulfillment of the requirements for the degree of master of science in the 
Department of Mechanical Engineering of the University of California. 
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DERIVATION OF EQUATIONS FOR RATE OF SPREAD IN AN 
IDEALIZED HOMOGENEOUS FUEL BED 

Forest cover may be regarded as a beterogeTieous mixture of dead 
and green fuel parti(‘les of varying size, sluipe, and density. Two 
layers may be distinguished: a lower layer of inflammable ]itt(‘r next 
to the ground surface, and an uppcvr layer of dead and green standing 
vegetation. A fire may spread through either or both layers at a 
definite rate depending on the magnitude of many variables pertaining 
to (1) the atmosphere, (2) the fuel bed, (3) the fuel particles, and (4) 
the topography. The fire will spread quickest in that direction and 
through that layer wlu're ignition is most favorable, or where resist- 
ance to flame propagation is at a minimum. 

A forest fire chara(‘t(‘ristically travels more or less rapidly through 
the inflammable cover, singeing superficially only the finer, more 
ignitible particles, later slowly and tlioroughly consuming the great 
mass of heavier fuels. In this theory of the rate of spread it is im- 
portant to center our attention on the action at the h(*ad of the fire, 
where th(*re is generally ample oxygen to support combustion. At 
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Fk’.tihe 1 -Grfii>l»ic‘ n'pn^stintaiioa of the raU* of s[)roaU of fire in an idealized 
fuel bed coiriposed of identical rodlike fn(‘] particles. 


this point only sufficient heat need be produced for a s(*lf-suppor*ting 
fire to bring tin*- imnuHliate adjoining fuel to ignition temperatun'. 
Accordingly, flann* propagation, or rate of fii*e‘ spread in a fuel bed, 
may be visualized as proceeding by a seri(‘s of succ(*ssiv(' ignitions, its 
magnitude (‘ontrolled primarily by the ignition time of the particles 
and the distance betweeui them. 

As in other complex natural phenomena, tlu' ])rol)lem must be 
idealized in order to facilitate mathematical treatment of the theory. 
It is believed, however, tliat doubt as to the applicability to field 
conditions of the theoretical equations developed by this idealization 
will be removed when the predicted effects of the individual variables 
on rate of spread are compared with previous experimental results 
and with observations under actual field conditions. 


RATE OP SPREAD AS A FUNCTION OF PARTICLE SPACING AND IGNITION TIME 

For this derivation an idealized bed is assumed (fig. 1) composed 
of identical rodlike fuel particles, standing upright at equal distances 
from each other. If 1)^ is tlu' time for tlu? Ji particle to burst into 
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flaino after Uu’ (n-1) particle has ignited, and if L is the distance 
between the particles, it follows that the rate of spread R is 


R= 


L 

e'i 


dr 

whore r-direction down the row of fuel particles. 


( 1 ) 


RATE OF SPREAD AS A FUNCTION OF FUNDAMENTAL VARIABLES 

The ignition time Oi in equation (1) depends on two types of varia- 
bles: Tliose dealing with (a) the fuel particle and (b) the atmosphere 
surrounding the particle. 

Again it is assumed that the bed is composed of idealized fuel 
particles (fig. 1) spaced at a uniform distance L and that immediately 
upon ignition of the (//~1) particle its flame at temperature tf extends 
far enough to be in contact with the n particle which is at a tempera- 
ture < 1 . When tile latter particle is exposed to the gases of flame 
temperature, //, it wdll absorb heat by convection, conduction, and 
radiation. 

In the theory of fluid flow (f/, 14 ) it is generally accepted that when 
a gas or liquid moves over a solid a thin film of fluid forms on the 
surface. Tliis becomes thinner as the velocity of the fluid increases, 
and the thinner the film the more rapid will be the transfer of heat to 
the solid by conduction, convection, and radiation. The film con- 
ductance or transfer factor, /, is used to express th(‘ net rate of heat 
transfer through the film per unit area per degree difference in tempera- 
ture'. Factor / is the sum of two transfer factors, / for conduction 
and (‘.onvection, and fr for radiation. These are dete'imined inde- 
pendently because the heat exchange by radiation depends primarily 
on the temperatures of the surfaces, while that for conduction and 
convection depends on variables such as the ])liysi(*al propertit's of the 
fluid, the shape of the solid sindace, and the velo(‘ity of the fluid past 
the solid boundary. The method of calculating the transfer factors 
is discussed below. 

The heat transferred by ('xmvection and conduction in unit t\iw 
from the atmosphere at f/ to the particle is 

qc=^Ms(tf-t) ( 2 ) 

The heat transferred by radiation in unit time from the atmosphere 

at if to tlie particle is approximately: 

qr=^frA,{ts-t) (3) 

The total heat absorbed in unit time is 

<1 = <lc +qr^{ ic+ir) (tf- t) As (4) 

where 

As = surface area of the particle ; 

//—uniform temperature of flame surrounding the particle; 

/—temperature of particle at any time 6, assumed to be uniform 
throughout the volume of the particle, since the temperatuce 
gi*adient is very low for fine fuel particles with large surf are- 
volume ratio; 

fc and fr are the coefficients of heat transfer for convection and radia- 
,, tion energy, respectively. 
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The rate of heat absorption, g, will cause a rate of temperature 

change according to the density of the moist particle, 7 , the 

specific; heat of the moist particle, f p, and the volume of the fuel 
particle, as follows: 

/rS 

— (*>) 

Substituting (5) in (4) yields: 

,0, 


By integrating (‘quation (0), with 
‘ , yCj,r 


assumed constant, 


ecpiation (7) is obtained: 


- In (tf- 1) == + InC 

yC\p 


where h represc'Uts the Napi(‘rian logarithm. 

Th(‘ initial conditions to be satisfied are: wh(‘n 0— 0, 

By substituting these; values in (7) the constant of integration becomes 

lriC~-‘-ln(tf--tx) ( 8 ) 

Substituting ( 8 ) in (7) and rearranging 




where 


the surface-volume ratio of fuel particle. 


The final conditions to be satisfied are: when 0—0,, f— where 
0i — ignition time, and /f~ignition temperature. 

Making these substitutions and rearranging for 0 ,, equation (9) 
becomes _ 

Equation (10) is an expression for the ignition time, 0/, in terms 
of the physical properties of th(> light fuel particle,^ the flame tcunpera- 
ture, and the heat transfer factors. 

The rate of spread foi* an idealized homogeneous fuel bed is derived 
directly by substituting the equivalent of Bi from equation (10) in 
equation (1): 

(11) 

In this equation R is expressed in terms of certain fundamental 
variables that control the spread of a fire in light forest fuels. Such 

® Derivation of an expression for heavier fuel particles, in which there is an 
appreciable temperaturt^ gradient through the particle, is possible by the applica- 
tion of an appropriate form of the conduction equations { 5 ). 
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quantities as wind velocity, moisture content, time, and topography, 
which are ordinarily regarded as controlling spread, do not appear in 
the equation. They affect the rate of spread indirectly through 
their influence on the more fundamental variables. 

Film Conductance b'or C/Onvection 

Experimental data for heat transfer from gases to single cylindrical 
rods, with the gas flowing at right angles to the axis, have been 
(‘.ollected by numerous investigators. Data for cylinders from 0.0004 
to 3.75 inches in diameter (/i, f, 218)^ applicable to fine forest fuels 
such as needles aiuL twigs, have been summarized and correlated in 
terms of dimensionless quantities relatt^d by the following empirical 
equation, which may be used as an approximation for calculating/c^ 

where /r - film conductance for forced convection 
/>•-: diameter of cylinder 
At/-- thermal conductivity of the air film 
kinematic viscosity of the air film 
air velocity. 

Thermal conductivity and kinematic* viscosity d(‘ptmd on the 
arithmetic mean temperature of the film. Values of tlu'se properties 
for air are given in the International Critical Tal)les for a wide range 
of temperatures. 

Forest fuels such as needles and twigs arc nearly enough cylindrical 

.4 

in shape to allow replacing D in eciuation (12) with > where a is the 

O’ 

surfaccvvolume ratio of the fuel particle. 

Heat Fransfek Coebituient foh Radiation and Flame I'emierattire 

The net rate of heat transfer by radiation, to a small particle 
surrounded by a flame ( 14 ) is obtained by the following equation: 

( 13 ) 

where c= flame emissivity 
T/= flame temperature 
Ti — particle tciinperature 
A i,— surface area of the particle 

An expression for Jr may be deprived by substituting simplified 
equation (3) in general equation (13), 


^ Radiant emissivity is defined as the ratio of the total emissive power (total 
radiant energy emitted per unit time from unit surface) of a surface to the total 
emissive power of a black body at the same temperature. 
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Flame temperatures were measured by chromel-alumel thermo- 
couples held at several points in the luminous flames of different kinds 
of burning forest fuel. The average temperature so measured was 
approximately 1500^ F. Simultaneously, the emissive power of the 
flames was measured by a portable radiometer described by Boelter 
{2). From the measured flame temperature, the radiometer element 
temperature, and the flame emissive power, gr, the emissivity, €, was 
calculated by the radiation equation (13). The approximate value 
of 6 so determined was 0.227. 

Until more data are acquired, the values used for e and tf in calcu- 
lating ar(^ 0.23 and 1500^ F., respectively. Since the particle is 
being heated until it reaches ignition temperature, an approximation 
must be made for the fuel temperature, ti. On the assumption that 
the rate of change^ of the partide temperature is constant, the fuel 
temperatur(‘, U, may la* approximated by using the arithmetic mean 
of the ignition t(*mperature, fi, and the fuel temp(*rature, to. While 
ti may vary over a considerable range betwe(ui and /,>, its approxima- 
tion at the mean value of these two will not r(*sult in an appreciable 
(UTor in the calculation of /r. 

Ignition Tempeuature 

There is no general agreement as to tin* ignition t('mperatures of 
solid fuels. The values determined by several investigators whose 
work was reviewed by Brown (5) show a large variation. For 
instance, values as high as 1200'^ and as low as 650^ F. have been 
obtaiii(*d for sawdust and as low as 410® for wood shavings. The prin- 
cipal causes of the variations are (1) the definition of ignition temper- 
ature, wliich may refer to the specimen temperature oi’ to the external 
temperature of a bar, an ambient gas, or an oven, and (2) the criteria 
chos(*n by different investigators to indicate the ignition point. 
Criteria that have been used are the appearance of glow, the appear- 
ance of flame, or some critical point in a temperature- or pressure- 
time curve. 

To be consiskmt witli the preceding tlieory and the equations 
developed for the rat(* of fire spread in light forest fuels, the following 
definition is proposed: The ignition temperature of a light forest-fuel 
partich*. surrounded by ambient hot gases is the average spi^cimen 
temperature at the instant a flame appears. For light forest fuels of 
known physical properties exposed to hot gases of known tempera- 
ture, the average specimen temperature may be calculated by equa- 
tion (10) from the ignition time, which is determined experimentally. 
Until such experimental data are available, an arbitrary chosen value 
of 550® F. is recommended for all light forest fuels irrespective of fuel 
size and moisture content. Jones and Scott® found the ignition 
temperature of dry wood to be in the range of 518® to 554® F. 

Particle Spacing and Surface-volume Ratio 

To calculate the rate of fire spread in a fuel bed by equation (11), 
i, the spacing, must be related to the measurable fuel and fuel-bed 
variables. 

® Jones, G. W., and Scott, G. S. chemical considerations relating to 
fires in anthracite refuse. U. S. Bur. Mines Rpt. Invest. 3468, 13 pp., 
illus. 1939. [Processed.] 
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P\)r a bod of fuel, the ratio of voids to fuol-surface area is 

(15) 

whore X~ volume of voids per fuel-surface area 
Fi™ volume of fuel bed 

volume occujned by the fuel in volume Fi 
jS— total surface area of fuel in volume Fi. 

The reciprocal of X may be thought of as the compactness of the fuel. 
The volume of th(‘ idealized fuel IxhI is 

F,-LW (16) 


where Z^spacing of particles 
depth of fu(i bed 
total number of particles. 

The volume occupied by tlu' fu(i in the bed of volume T"i is 



(17) 


where IF is tlu' total weight and y is the density of the dry fuel. The 
total surface area of tlu' fuel in b(*d of volume Fi is 




crIF 

7 


(18) 


Substituting equations (16), (17), and (18) in (15) gives 

^_I^dN-Wh 

cWh ^ ^ 

Solving equation (19) for L and hitting tin' cross-scxdional area 

W 

(since for an idealized b(‘d the hmgth of tlu^ particles is ecjual 
to the deptli of the bed) (19) reduces to: 


L^xV'-^{\Aa\y^ ( 20 ) 

liquation (20) expresses the particle spacing in terms of the cross- 
sectional area, the surface-volume ratio of the fuel particle, and the 
ratio of voids to fuel-surface area of the bed. 

Multiplying both sides of equation (20) b}^ <t and letting 
tlien 

(rL-Z:(l + aX)’^ (21) 

The quantity E is independent of the size of the fucil particle and 
depends only on the shape of the cross section. For instance, for 
round sticks regardless of size, E~2Tr^; for square sticks, E~4.0; 
for more irregular cross sections, ZJ>4.0. The cross-sectional area 
of an irregularly shaped particle may be determined from the relation 

A ^-1 where p is the perimeter and a the surface-volume ratio. 
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Specific Heat 

Since the fuel particles nearly ^Iways cany adsorbed water, the 
specific heat of the moist fuel, Cp, may be expressed in terms of 
specific heat of dry fuel, its moisture content, and the heat of adsorp- 
tion. 

The total heat ri^quired to raise a moist fuel particle at temperature 
/() to ignition temperature ii is 

n^{w+MW)U,{u-u;) ( 22 ) 


where dry wiught of fuel 

M^^-moistun^ content, weight of water p(‘r unit w(*ight of dry 
fuel 

specific heat of moist fuel. 

The total heat, //, has three components: th(‘ heat i*equired (1) to 
S(‘parat(' th(> water from th(‘ fuel, that is, th(> luait of adsorption; (2) 
to rais(' th(‘ dry fiu'l Iroin temp(u*ature U to ignition temperature, tu 
and (II) to vapoi‘iz(^ the watiu* and superh(uit th(‘ vapor to tivinperature 

The heat reijuin'd to raisi' the dry fuel to ignition ti'inperature is 

(23) 

where Cp is s])ecific heat of dry fuels 
and to raist* tin* watcu* to temperature ti is 

where 1 ,057 4 the heat 309) of the superheated steam 

at low pressure in B. t. u. per pound, and Zo“32, the lieat content 

of water at temperature toy whence 

Ho -- ,089 + 0.46/i - i,) (24) 

Tlic heat of adsorption per unit chy weight of fuel is h, and heat 
required for weight of dry fuel 11' is 

H,^Wh (25) 

The heat of adsorption for wood at 32"^ F. is apjiroximately 1^2 B. t, u. 
per pound of dry fuel (ZO, p. 286), 

Adding equations (23), (24), and (25), the total heat, II, to bring 
W, weight of moist fuel, to ignition temperature Z/ is 

//-= WCpiti-to) +MW {\ ,089 -f0.4fiZ,--- to) + Wh (26) 

®The cciuatiou for specific heat of dry wood from resiilts considered as prelimi- 
nary is 

^^-0.246+0.00063 ^ 


(} 791 ) 77 „_- 40 -. 




DIRECTION OF FIRE SPREAD ^ 

Figure 2. — Diagrammatic fuel temperature gradients at and near the flame front: 
B is for a fire burning with a higher wind velocity or on a steeper slope than A. 

the moisture content, M, are obtained experimentally, and 7 for the 
moist fuel is calculated. 

Fuel Temperature 

Temperature ti (fig. 2) will obviously vary with the following: 
(1) The flame angle from the horizontal, which is controlled by the 
wind velocity and slope of terrain; (2) the size of the flame front, 
^which is controlled primarily by the time from the start or “age of 
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and the amount of fuel burning at the head of the fire. Tem- 
perature b varies with the flame angle beeause, as the angle becomes 
smaller, more hot gases pass directly over the unburned fuel bed in 
the direction of the main flame front; thus tin*, fuel particles take on 
more heat by convection and radiation. Temperature i\ varies with 
the size of flame, which governs the amount of heat transferi-ed to the 
unburned fuel i)articles by radiation. The time from start of fire also 
affects temperature because at zero time /i must equal U, but at 
subsequent intervals the fuel particles aluaul of the fir(^ have taken 
on heat, causing U to become greater than U. Temperature U is not 
easily rncaisured even under ideal conditions. Temperature U) of fuel 
far removed from the advancing flame front is, however, readily 
(h'tournined. Temperature may be eliminated by substituting /(, 
for it and (*orre(*ting this new temperatur('-diff(uen(‘e ratio in equation 
(11) by a coefficient, Ct, in the following manner: 

wherefore Ct - (29) 

t f — 1{) 

Figure 2 shows diagrammati rally the fuel-temperature gradient 
and tempc'raturc' (liff‘erenc(‘s at and near the flame front. For all 
])j'actical forest conditions t/ may be assurncHl to b(‘ about 1500® F. 
The (‘ffect of increasing wind or slopes makers ti numei’icaliy laiger, 
which makes C, smalhu-, according to equation (29). Since ti in- 
creases numerically with t/une from start of lire and size of flam(\ 
these also will make C, smaller. Any independ(U\t change in to will 
be lU'arly (*ompensated by a change in the same direction in ti and will 
not therefore* greatlv change The temperature-diff(*rence ratio 
coefficient is primarily a function of wind velocity, slope, size* of flame, 
and time from start of fire and must be evaluated expcrimeiutally. 
The approximate numerical range e)f C( may be elete*rmiiied by substi- 
tuting a reasonable value* of to and the limiting value's of ty in equation 
(29). For the field conditions of F. anel F., Ct will 

vary from 0.67 to more than 1.00. At the very start of a fire, when 
r^”~1.00. For the evxtrvme conditions of zero flame angle, 
which occur at e^xtreme*ly liigh wdnd vedoeaty or infinite slope, C, will 
approach 0.67 when ty approaches it. For fires burning in still air in 
dead fuel e?xposed to full sunlight, (L may become* somewhat greater 
than 1.00 with time from start of fire; for uneler these e'onditions to 
will be high and the fuel may actually be coe)leHl by the inelraft. 

TRANSFORMATION OF EQUATIONS DERIVED FOR IDEALIZED 
HOMOGENEOUS BEDS TO NATURAL HOMOGENEOUS BEDS 

In the idealized find bed all partiedes were assumed to be vertie’ally 
oriented with equal spacing. In the natural hornogeuious bed, such 
as a mass of fallen pine needles, more or less liorizontally oriented at 
random, the spacing is not equal but has instead voids of varying 
sizes. There are other differences between idealized and natural 
beds. In the latter the particles are in occasional contact with one 
another, and will not always be oriented with the flow of hot gases as 
in the idealized bed; this will influence the rate of heat conducted into 
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tlie fuel. There may also bo a fuel-moisture gradient in the natural 
fuel bed. 

Granting that all the variables affecting the rate of spread have 
been included in the derivation, according to the theory of similitude 
j>, 78), if the processes of burning in the two beds follow the same 
laws and the respe(‘tive variables stand in a constant ratio to each 
other over their whole range, the application of equation (11), derived 
for idealized beds, to fires in natural beds is permissible. On the 
assumption that the individual variables in the two processes are 
respectively proportional, as required by the theory of similitude, 
ecmations relating these variables may be written; for example, the 
relation between spacing Li of the idealized and L 2 of the natural bed 
may be expressed as 


wh(M e Or, is a constant quantity for the whole range of spacing. ()th(*r 
variables such as specific heat, density, etc., may be dealt with in a 
similar maniK'r. 

Accordingly, the rate-of-spread equation will be identical iu the 
natural and idealized beds, except that each variable will be multiplied 

tf t{) 
tf-ti 


by its corresponding coefficient. With replaced by Ca 

tf~ii ‘ \ 


in whicli Ct serves as both the temperature-difference ratio coefficient 
and as a coefficient relating the natural to the idealized values of 
tf and tii, equation (11) for a natural fuel bed becomes 

„ Cf(fAfr)aaC,L 

R = — — IT ~77~ir7vi 


Inasmuch as the coefficients Of, Or,, etc., remain constant 

r p n 

let (31) 


then 




C(_fr+.fr)<^L 




(32) 


where 0 represents a proportionality constant relating the rate in a 
natural bed with the rate in a standard bed under identical conditions. 
The coefficients Ct and C in equation (32) are evaluated experi- 
mentally. As shown in the above discussion, Ct is primarily a func- 
tion of wind velocity, slope, size of flame, and time from start of fire. 
The numerical value of C is dependent in part on the type of fuel 
b(id, that is, whether it is a mass of fallen litter or standing vegeta- 
tion, such as grass or brush, and in part on the technique used in 
measuring the variables, such as wind, fuel moisture, and fuel tem- 
perature. To determine the numerical value of Ct for any particular 
wind, time, and slope it is first necessary to evaluate C for the par- 
ticular fuel used in the experiments. However, in order to obtain 
the value of C with reasonable accuracy we must have data for a wide 
range of fuel temperature, and this is experimentally impracticable. 
On the other hand, if Ct be evaluated with C taken as unity for a 
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chosen standard natural fuel b(^d, for which a precise technique for 
measuring the wind, moisture content, and other variables has been 
developed (to a point where measurements of all variables can be 
duplicated), then C can be relatively evaluated for any other kind of 
natural bed. This is done by determining R experimentally for a 
particular kind of bed and computing a value for C by equation (32), 
using Ct as evaluated for the standard bed. The coefficient C deter- 
mined in this manner would then be a constant, relating the particu- 
lar kind of natural bed not with the idealized bed, but with the chosen 
natural standard. 


DERIVATION OF EQUATIONS FOR RATE OF SPREAD IN NATURAL 
HETEROGENEOUS FUEL BEDS 

Fuel beds of the homogen(»ous type are. of rare occurrenc(^ in nature. 
Normally a natural bed is composed of particles varying in size, shape, 
density, and specific heat. Since the. ignition time, <^/ is dependent 
on the material and dimensions of the particles, it follows that the 
rat(‘ of spread will be different for difl'erent particles. 

Consider an id('alized heterogeneous bed composed of particle 
types a, 6, c, . . . , n, wln^re all particles are of the same length, 
equal to the depth of the fuel bed, and are evenly spaced at distance 
L. If Na^ Nhf Ncy . , ,y Nn are the number of particles of respective 
fuel types per unit area, and N is the total number of particles, then 
in a giv(‘n length of l)ed each kind will be present in amount propor- 


tional to 


Nr 

'N' N' N' 


N 

If these fractions avo repr(^sent(>d as 


Xi,y Xry . . X„ and if Ray Rby Rcy . . Rn represent the 

respective* I'ates of spread through tln^ difl'erent fiu*! types, th(5 gross 
rate of spread of the mixture will be 


Equation (33) is analogous to one for total concluctance of a series electrical 
circuit of length L conit>osed of several electrical conductors of length each of 
diffenuit conductance but occurring n times. 

For example, let; A^a> Nc, . . A« be the numb(‘r of times conductors of 
length /, having conductances Ca, CV . . ., C„, reM]>ectivelv, occur. The 
total length of the circuit will be NJA Nl-j . . . +Ay, 

and the total conductance 

r-f A’a d"- A^fc T A"c 4' • • • "f A^n 


Then let 


Ch'^ Cc 




^Na + 


where A’a, Xt, Xrt .... Xn are the fraction of the total conductanc(^ contributed 

by conductors type a, b, c, . . , y n respectively 

Then 



c4 c.+ • • • ^ c. 
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Let W„, IFft, Wc, . . . , be the total dry weight of the several 
particles per unit area of the fuel bed. Then 


Na- 


Aalad 




Atiy^d’ 


etc. 


(34) 


where ^I’s and 7 ’s are the cross-sectional areas and the densities of the 
.dry partich^s, respectively, and d is their length. 


By definition 




Y 

^ > A, 


N, 

N’ 


etc. 


and N=^Na+N,+Nc+ . . . +N„ 

Equation (35) becomes, after substituting (34) and (36); 

Y = - ^ -- pte 

Aaya Af,yff A^y^ Ap^y^ 

for Ah} Af}} . . . } A t). 


(35) 

(36) 

(37) 


Substituting e(|uation (37) in (33) and letting 

w w, w w 

a I i _ ^ _i_ J ^ 

Aaya'^Abyh ’ AcFc ’ ‘ ’ Any„ 


the following equation results: 


- _ 

" Hy. | ~ vn 7 wr .IKl 

Aayai^n A^yiyTti, AiycRc A„yjiHji 


(38) 


(39) 


Equation (39) is an expression for the rate of spread of tire through a 
lu'terogeneous bed in terms of fuel composition and tin* rates of 
spread through each component fuel. The rate for each component 
is calculated by equation (32) with the value of the compactness, 
1/X, equal to that of th(> mixture. 

To (calculate the rate of fire spread in a heterogcnieous bed by 
equation (39) the spacing, L, which is not directly measurable, must 
be determimHi from the fuel and fuel-bed characteristics. The 
measurable factors from whi(*h L may be computed are ^ 1 ,^ 2 , W, 7 , <t, 
and X, where X is determined by equation (15). 

For a given bed, tlie ratio of volume of voids to fuel-surface area is 
expressed by equation (15); the volume of a fuel bed by equation (16). 

The volume occupied by the fuel in the heterogeneous bed of volume 
is F 2 -K+ Y.+ V;+ y • • + where y„, y, • • are 

volumes of the different kinds of particles. It follows that 


* 7a 7* 7a 


+ 


W.rt 

7n 


(40) 


The total surface area of the fuel in this bed is 



7« 


VftW’fc , (ThWe 


7o 


7c 


+ 


+ 


<rnW„ 


7» 


( 41 ) 
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Substituting equations (16), (40), and (41), in (15) gives 


X 


V 7 a Ih Ic 



(Ta Wg I ffhWn ■ (TcWc I ^ ^ ^ 1 

7a 76 7c ’ * 7n 


(42) 


Solving equation (42) for L\ then multiplying and dividing each term, 
the right side of the equation by the number of particles in that type 
of fuel, namely, Nay Ntn • • • , Nny letting Acy • • • 1 An 


equal 


jaNad^ ycN4' 


ynNnd' 


and assiuning a length of 


fuel particles equal to the depth of the fuel bed, the following equation 
results: 


+ (^l(,Aa+^6A’^ft+-^cA'c+ • * • +^l«AVd^^ (43) 


where A^^, .-Y^, • • •, Xn are defined by equation (37). 

By substituting the equations for Xay A%, A'^, • • Xn and simplify- 
ing, equation (43) becomes: 


^LB\ 7 « ^ 


<^l,Wh I (TcWc 


7/> 


Kn\ 

Yn / 


+ 




1/h; 


+ 7 




(44) 


where B is defined by equation (38), 

Equation (44) is an expression for the particle spacing L for a 
heterogeneous fuel bed in terms of its composition. The assumption 
of fuel-particle length equal to depth of the fuel bed requires, of course, 
use of the coelficient hi application of this measure to natural 
fuels. This coefficient is present in equation (32). 

EXPERIMENTS IN NATURAL HOMOGENEOUS FUEL BEDS 

EXPEKIMENTAL PROCEDURE 

For evaluating the coefficient C(, ponderosa pine needles, being 
the most readily available uniform fuel in this region (California), 
were (diosen as the natural fuel for the standard bed. In order to 
exercise control over all the variables, fires were studied on a model 
scale. Beds of needles 2 inches deep, 3 feet wide, and 8 or 12 feet 
long were prepared in trays with controlled compactness. These 
beds were placed in a wind tunnel (fig. 3) described elsewhere (9) 
and burned on the horizontal, i. e., at zero slope. Figure 4 shows the 
position of initial ignition of a fuel bed in the tuimel. Ignition was 
accomplished by an electrically heated coil placed on a match head 
inserted in the middle of a thin pyroxylin disk of 2-inch diamc^ter. 
The fire traveling forward along the length of the bed was observed 
(fig. 5) from an overhead window. Each fire was allowed to burn 
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Figure 4. — Position of initial ignition of a fuel bed in the tunnel. 
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until it reached approximately 18 inches in width and was then in- 
stantly suppressed by water. A typical burned area is sliown in 
figure 6. 

The air velocity recorded for each fire was the velocity at 1 foot 
above the surface of the bed prior to ignition. A sample of fuel was 
collected at random from the surface of the bed just prior to burning 
and its moisture content was determined by xylene distillation (4). 
The fuel temperature was taken to be equal to tlie ambient air tem- 
perature, measured when the moisture sample was taken. Approx- 



tiGURE 5. Pine-needle fire 30 seconds Fhiuhe 6 . — Typical burned area of pine 
after ignition, plioiographed from 
above; wind velocity 8 m. p. b. 


needles. 


imately 200 fires were burned in fuel beds of ponderosa pine 
needles (<r~128 inches" 0 under varying conditions such as: wind 
velocity 2.0 to 12.0 m. p, h.; compactness, 1/X, 6.25 to 16.66 inches"*^; 
moisture content 4.0 to 15.0 percent; air temperature 50° to 85° F, 

In order to simulate a standing type of fuel, such as brush, the beds 
\\Tre prepared by standing uniform twigs vertically and at ecnial spac- 
ing in sawdust treated with a fire-retardant chemical (fig. 7). The twigs 
were cut 7.5 inches in length from dead branches of ponderosa pine 
and segregated into three nominal size <‘lasses and K ifich in 

diameter. The bed was set afire by a 80-gm. bundle of pine needles 
and to avoid the influence of the burning needles, the twigs were 
allowed to burn a distance of about 4 feet before zero time was called. 


079977—40 
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The fire was not extinguished until it had reached the end of the bed, 
whi(*h was 12 feet in length (fig. 8). Observations were made and 
data taken only in that portion of the burn beyond the first narrow 
region influenced by the mode of ignition. 

RESULTS 

Numerical values of (\ were computed for each pine-needle fire by 
equation (82) using the observed rates of spread with f ^ equal to unity. 



Fioure 7. — Bed of ponderosa pine twigs 
iach in diameter with bundle of 
needles in the foreground used for 
ignition. 



Figire 8. — Typical burned area of 
twigs. 


The average values of Ct were computed for several wind (‘lasses and 
are shown in figure 9. A value for the rate of spread of each fire was 
calculated by using appropriate values of Ct from the curve in figure 9. 
Figure 10 shows the computed versus the actual rates of spread 
plotted to reveal the agreement. It will be noted that the points fall 
(dose to and evcudy about a 45° line which represents agre(5ment of 
calculated with expcrrimental values. 

The experimental data for the twig fires are presented in tabhi 1, 
together with the calculated values for the coefficient C, The valines 
of C for individual fires vary considerably from its mean of 1.61 owing 
mainly to the (experimental technique used in igniting the twigs and 
to the error in judging the exact position of the fire at zero time and 
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the tiiiK* wh(‘n the fire reached the end of the bed. Therefore, the 
valuer of 1.6 for C, for this type of bed, must be considered as only 
approximate until more* data have been obtained. Since C was 
assumed to be unity for the pine-needle bed, the value of 1.6 is in the 
right order of magnitude for a fuel bed with twigs standing vertically, 
inasmuch as it was assiiiiUHl that the how of the gas('s passing the 
particles in the standard pine-needle bed was at right angles. It 
would have bc^en more nearly correct, however, to assume that the 
gas flow is at right angh‘s for only lialf the particles, and parallel or 



Fkjcrk 9. Relation betw('on teinperat iire-rat io coefficient, Ct, and wind velocity, 
V (miles per hour) at 1 foot above fuel surface, zero slope, and 1 minute from 
start of fire. Fuel: Pond(‘rosa pine needles. 


longitudinal for the other half. Actually, in (evaluating Ct by the 
typ(‘ of l)ed (‘hos(vn as standard, it might have btaui more ftroper to 
assume a value less than unity for C\ in which case the numerical 
values of Ct would have been slightly high(M\ Then, with liigher 
values of Ct for b(^ds with twigs vertically oriented where cross flow is 
more nearly approaxdied, (7 would have more nearly approacht'd unity. 
Practically, howevta*, since C may vary with the technique used in 
sampling fuel moisture and immsuroment of wind vidocity, it would 
probably differ from unity for other types of fuel beds. Consequently, 
for tlie sake of simplicity it would be better to assume cross flow for 
all types of beds and let C, evaluated in that way, be a constant 
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relating a particular kind of natural bed with a standard pine-needlo 
bed, for whicdi ft was calculated on the basis that the gases flow at 
right angles to the needles. 


Table 1. — Experimental data and calculated values of C for model fires burning in 
fuel beds of ponderosa pine twigs placed vertically and spaced equally 


Exi)eriTiiontal data 


Wind Fuel Rato 

■ Dera- voluinp 

'S 'rtio 

{];) itc) (A/) (a) {L) (/?) 


Calculations i 


'■[<■■ 63 ;)] 



B. U u.l 
Sq. ft. hr. 
oy 

14.7 

14.7 i 

14.7 

15. T) 

17. 1 

17. 1 
17. 1 

19.0 

17.0 

17.0 

17.0 i 

17. 0 

17.0 

17. 0 

17. 0 
19. 0 

19. 0 

19.0 

19.0 

19.0 

19.0 

19.0 

19.0 

21.2 

21.2 

21.2 
21. 2 

21.2 

21.2 

21.2 

16.7 

16.7 

15. 1 

15. 1 

18.7 

18.7 

16. 7 

15.1 

16.7 

18.7 

15. 1 

15. I 

18.7 

16.7 

16. 7 

18.7 

16.7 

16.7 

16.7 


B. i. u.l 
Cu. ft. 

0F_ 

24. 6 

22.2 

23. 1 
23.9 

23.4 
24, 3 

22.7 
2 : 1 . 5 

24.4 
23. 3 

23.3 
23. 1 

24.2 

23. 0 

23.4 
22 . 1 

23.7 

22 . 6 

22. 9 

24.5 

23. 2 

23.4 
26. 4 

23.8 
23. 1 

21.3 

22.8 
23. 3 

25. 0 
23. 3 

23.8 

23.8 
23 3 

23.4 

18. 6 

19. 2 

19.4 

19.1 
18.7 

19.5 

19. 3 

19.0 

20. 6 
20. 6 

19.1 
19.3 
20. 0 

20.2 

20.5 


J According to equation (32) C 

1,600® F.; L«650® F. 

» l-h number of Inches. 


R-,&n[c,(g)] 


where fuel deasity, y, «26.1 Ibs./cu. ft.; </» 
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Fir, riu-: 10, — Calculatod versuB exporiniontal rates of forward spread for poiidorosa 

pine-needle fires. 


VARIABLES MEASURABLE IN FIELD PRACTICE 

K (1 nation (32) has l)(‘on derived for the rate of spread in terms of 
the fundamental variables, whieli in practice are generally wind 
velo(‘ity, moisture content, time, and slope. Fuel-type or cover-type 
classifications also are used almost universally in recognizing the 
rate-of-spread differences attributable to fuel size and cover density, 
which the prescmt study has revealed to be important and significant. 
Compactiu'ss, which incorporates fineness and crowdedness of the 
particles in the fuel bed, is used in this analysis to define cover density. 
Two other important measurable variables have been added, namely, 
fuel temperature and fuel-particle density, heretofore not generally 
recognized or applied in practice. 

These measurable variables influence fue spread only as they pro- 
duce changes in the fundamental variables. wSome operate on as 
many as three or four fundamental variables. For example, the 
fuel temperature, fo, affects film conductance for (onvection and con- 
duction, /e, heat-transfer factor, /r, specific heat of moist fuel, 
and in addition is itself a fundamental variable in the spread equation. 

Figure 11 shows curves for rate of spread as a function of all the 
variables, except slope and time, as interpreted through application 
of the fundamental relationships expressed in equation (32). 
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WIND VELOCITY, F;(MPH) 



COMPACTNESS, l/X, (1/1 N.) 



24 26 28 30 32 34 

FUEL DENSITY, r,(LBS./CU.FT) 



FUEL TEMP, 4, {®R) 



FUEL SlZE,^,tl/IN.) 



MOISTURE CONTE NT,Af,(%) 


Figure 11. — Effect of measurable variables on rate of forward spread of fires. 
For each graph five variables are held constant while the sixth is varied over a 
practical range. When held constant, the variables have values as follows: 
F-6,0 in. p. h.; 1/X— 10 inches 7 = 31.6 Ibs./cu. ft.; ^o—lOO® F’. ; cr=128 
inches M = 8 percent. 






Vi^\K 1 , 1 \m 


115 


A nalf/shs of Fire Spread in Light F orest Fuels 


INFLUENCE OF MEASURABLE VARIABLES 
Effect of Wind Velocity 

Wind velocity influences fire spread by causing changes in the 
magnitude of film (H)ndiictanc(% and temperature i-atio coeflicient, 
Cx. The film conductance varies approximately with the square root 
of the wind velocity (see equation 12). Since rate of spread is directly 
proportional to /p, it will vary with the square root of the wind ve- 
locity. Most of the iticriuise in fire spread that is due to the wind 
velocity, liowever, rc'sults from its effc'ct on the temperature, ratio 
(roefficient, Increasing velocity di^creases the flame angle, and 
this results in mon’! effective preheating of the fuel; that is, fuel 
tempiTature, fj, increavses with wind velocity. From equation (29) 
it will be seiMi that higher tiunperature values ti of the find particle 
about to ignite will give smaller values of A ; thus Ct is some inverse 
function of wind velocity. The way varies with wimd velocity is 
shown in figun^ 9. Since the rate of spread varies inversely as the 
logarithm of (\, it w ill vary directly as the logarithm of the velocity. 
With w^ind measured at 1 foot above the fuel bi^d, the product of 
thes(' separate functions indi(‘ates tliat rate of spread is approximately 
proportional to the first ])ower of wind velocity for velocities less 
than 5 m, p. h. and to the 1.5 power of wind velocity for velocities 
from 5 to at l(*ast 12 m. p. h. The upp(*r velocity limit (to which the 
1.5 pow^(‘r liolds) has not been definitely fixed. The first power for 
wind velocities l(‘ss than 5.0 m. p. h. is (‘onfirmed by experimental 
rcjsults olitained by Cuny and Fons (6‘) from test firc^s under field 
conditions. 

Effec t of Fi el Size 

In this analysis, the surface-volum(‘ ratio, cr, of the fuel particle 
has been used to express tlu' fuel size. The presence of c in the numer- 
ator in equation (82) do(‘S not necessarily imply that rate of spread is 
directly proportional to g. In fuel beds of constant compactness, 
variations in g wdll affi'ct the distance L betwtam fuel particles (equa- 
tion 21). In addition, g affects the film conductance (equation 12). 
The effect of g on ignition temperature, ii, has not Ixhui consid(*red in 
the analysis, but significant variations of ti with g are expected 
(equation 10). By liolding all other factors constant, the expression 
for rate of spread in terms of g becomes: 

jR — (ao'+6(7^‘“*M'r) (1 H-c/o-)' ^ 

where a, 6, c, and d are the propiu* constants for the given values of 
wind velocity, initial fuel temperature, compa(‘tness, and moisture 
(‘ontent. J\)r fine fuels this expression very closely approximates a 
straight line having positive slope. Expeilmental results (7) show^ 
tliat the rate of spread for fine fuels is very nearly inversely propor- 
tional to the fuel size, i. e., it varies directly as the surface-volume 
ratio of the fuel particle. 

Effect of Compa( tnesk 

For want of a more descriptive word, the variable incorporating 
fineness and crowdedness of the fuel particles is here termed compact- 
ness. The reciprocal of the ration of volume of voids to the surface 
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area of the fuel in the bed, denoted by X, may be used as a direct 
measure of this element. By definition, the spacing of fuel particles, 
X, varies as the square root of X. Since rate of spread is proportional 
to Z, it too will vary as the square root of X. For a fuel particle of 
given size it is necessary to increase the distance Z between particles 
to obtain greater values of X (equation 21); this would indicate that 
a unit increase at large values of X would not increase the rate of 
spread as much as at the small values. There must be, of course, a 
limiting value of X at which the fires would fail. Beyond a critical 
limiting point further separation of fuel particles decreases the volume 
of flame, and the hot gases produced in diminishing quantity arc 
cooled and dissipated to such an extent that they are no long(T 
effective in igniting the imburned fuel. Experimental rtrsults (7) 
have confirmed the square root of X relationship. 


Effect of Feel Temperature 


Changes in the initial temperature of the fuel, toj affect the four 
fundamental variables, film conductance, heat-transfer coefficient, 

specific heat of the moist fuel, and temperature ratio ^ 4''* 

tf—ti 

film conductance changes with the fuel temperature because the kine- 
matic viscosity and thermal conductivity of the film are affect(?d 
(equation 12). An increase of 50^ F. in fuel temperature, will, how- 
ever, decrease the film conductance only 0.5 percent and may be dis- 
regarded. The heat transfer coefficient, /r, is also negligible for large 
changes in fuel temperature, because flame temperature is large in 
comparison with to (equation 14). The specific heat of the moist fuel, 
Cpj increases with a rise in fuel temperature (equation 27). Since 
rat£^of spread is inversely proportional to Cp (equation 32), an increase 
in Op decreases the rate of spread. The important effect of fuel tem- 
perature on fire spread is that a change in temperature changes the 
ignition time, as shown by equation (1(2), with 

Ot (^/ — replacing Y- Y * Changes in fuel temperature affect 


the magnitude of the ratio 


tf-U 


and a small cliange in this ratio 


produces a comparatively large change in In 

tive extent of the fuel tempera ture/s eflect on fire spread may be deter- 
mined by calculating the magnitude of the factors 1/Zn 

and in equation (32). For conditions indicated in figure 11, an 

7 Op 

increase in fuel temperature from 70® to 120° F. causes the factor 
I jin ^)J> and consequently rate of spread, to increase 35 per- 

cent; witli the same change, the factor causes a decrease of 5.5 

percent. The total effect of the 50° F. increase in initial fuel tempera- 
ture, under the conditions described, is thus a not increase of 29.5 per- 
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cent in fire spread. Since Ct decreases with wind velocity, a larger 
increase in spread results with rising wind velocity for a given tem- 
perature change; i. e., for the same conditions as above except tliat 
with wind velocity at 10 m. p. h. a rise in temperature from 70"^ to 120 "^ 
F. produces a 94-percent increase in the rate of spread. The tendency 
of a fire to slow down soon after a shadow fiiom a cloud is cast on the 
fuel ahead of the fire has frequently been observed. The fuel tempera- 
ture in the rate-of-spread equation offers a possible explanation of this 
phenomenon, since fine fuels in complete shade soon assume air-tem- 
perature conditions, while in direct sunlight a much higher fuel 
temperature generally prevails. 

Effect of Feel Density 

The density of the moist fuel, 7 , appears in the form of an inverse 
proportion as one of the fundamental variables in the expression for 
rate of spread. Since the density of a body is its mass per unit volume, 
more h(^at is required to bring a body of higher density than one of 
lower density to a given temperature. Consequently, tlie ignition 
time for fuel particles of a given volume is directly proportional to 
density (equation 10 ), and by the same token fire spread is inversely 
proportional to density. 

Effect of Moisti re Content 

M 

The moisture content, A/, appears in the factors 1 +Af and ^ 

in the equations for density and specific heat of tlie moist fuel, respec- 
tively. The factor 1 +AI in the two expressions cancels, leaving A/ in 
the product which is an expression for specific heat based on 
voluim^or volumetric specific heat. Since fire spread varies inversely 
witliTf/p (equation 32), it will also vary with tlie fuel-moisture con- 
tent. Moisture content can b(‘ expected to have the same effect on 
the rate of spread as density has, in that the gi*eater the moisture the 
more heat is requii*ed to bring tlie fuel to the ignition point and the 
slow(*r it will burn. Since rate of spread must become zero at some 
given moisture content for a particular fuel size, it is doubtful whether 
the (‘ffect of absorbed water on rate of spread is accomplished entirely 
througli its effect on 7 and (Jp for the complete range of moisture 
content. At high moisture contents it would seem probable that the 
excessive watiu’ vapor acts as a diluent for the inflammable f^el gases 
to the extent that rate of spread decreases more than 7 and Cp might 
indicate. If the moisture is sufficiently high, the water vapor may 
dilute the gases to the point where combustion is entu’ely prevented; 
this would determine the upper moisture content limit. For the range' 
of moisture content studied (4 to 15 percent) equation (32) is valid; 
oUierwise values of Ct computed for the experimental fires for any 
given wind velocities would have varied with the moisture. This, 
however, was not found; tlius the effect of al^orbed water on rate of 
spread is apparently accounted for by 7 and Cp for moisture contents 
up to 15 percent. 

Effect of Slope 

Because hot gases or convection columns tend to rise vertically 
with respect to a horizontal surface, an increase in slope of terrain 
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decreases the angle between the fuel bed and hot gases. Slope, there- 
fore, has the same effect as wind in bringing the flame closer to the 
fuel. As such, it may be considered an added component of wind 
velocity. As the flame angle decreases, the fuel starts to absorb 
heat, both by radiation and convection, farther ahead of the actual 
burning front than with a flame perpendicular to the fuel surface. 
This rc'sults in increasing ti, temperature of the fuel particle about to 
ignite, which in turn makes C, smaller (equation 29). Sin(‘e the rate 
of spread varies inversely as the logarithm of (7,, it will vaj-y directly 

as the logarithm of tlu 

TIME = ^ 

V, < Ve 


N. 


\ 






■— / 


SLOPE, <t>, (PERCENT) 


slope. The effect of 
slope on rate of 
spread indicated by this 
relationshij) is shown in 
figure 12, where tlu' 
lines drawn for differ- 
ent wind veloci- 
ties are broken to indi- 
cate that their true 
positions have not y(‘t 
b('en experim(‘ntally 
established. 

Effect of Time 

1 m m ed i a t (dy af t e r 
the start of a fin^ the 
volume of hot gas('s at 
its head iiuTt^ases pro- 
grc'ssively. As the vol- 
ume of the flaiTH* rises 
tin* rat(' of h(‘at trans- 
fer by radiation to the 
fuel particles is in- 
creased; thus tu in- 
crcnises with tinu* until 
the volume of hot gases 
from the flame front 
has reach ( m 1 a more or 
less constant value. 
As in the case of slope, 
increasing valiums of 

,, 10 11 41 A result in decreasing 

ricjcRE 12, — ( urve.s .showing how the tempera- , i ^ 

turo-ratio coefficient may be expected to vary 'values 01 C / tequaiion 
with slope and time for various wind velocities, V. 29); the rate ol Spread 

will therefore vary as 
the logarithm of time. This relationship was also indicated by earlier 
studies of field test firt'S {6). Model fires are of too short duration to 
permit studying the efl'ect of time on 6\. Data fiom wdiich to derive 
actual values of Ct at different time intervals must therefore be ob- 
tained from larger scale field experiments, which have not yet been 
undertaken. Tht^ way in which Ct is expected to vary with time for 
several wind velocities and given slope is illustrated in figure 12. 
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VALUES FOR GROUPS OF FUNDAMENTAL VARIABLES IN TERMS OF MEASURABLE 

VARIABLES 

In table 2 are prc^sent-ed values of (r, 7, and E for different kinds of 
fuel. In tables 3 to 0, inclusive, are computed values of groups of 
fundam(‘ntal variables that appear in ecjuation ( 32 ), as functions of 
those measurable variables affecting the group. 

Table 2. — Surface-volyme ratio, pvrlmeier, density, and shape factor of several fuels 


Fuel type 

Surface- 

volume 

ratio 

T’eri- 

meter 

Density 

Shape 

factor 

a 

P 

T 


Ponderosa f>ine: 

‘ Inches ' 

Inches 

Poundsicii. ft. 


D(wj twigs .. .. 

A/n j 

2 ttD 

! 20. 1 

3. 0 

S(iuare stieks . 

4/f 

;t 4/ 

20. 7 

4. 0 

Needles; 





Pondtirusa pine 

128 

131 

31.0 

4. 1 

Sugar f)in(‘ . 

105 

. lOK 1 

1 33. 5 

4. 2 

LodgepoU' pine .. 

140 : 

. 130 ' 

! 35. 4 

4.3 

Fir 

124 

. 105 

1 34. 3 

* 4. 5 


> 1 ---riunihcr of inches. 
2 Duunclcr of fuel. 
Thickness of fuel. 


'^tABLE 3. — Values^ (tf fr'\ j r, u. ley. ft. hr. ^F.) as a function of wind velocity 

and surface-volume ratio of fuel 


Surface*volinne rat io 
(inches -i.)2 


10 

20 

40 

70 

1(K) 

i:to 

100 


Wind velocity, in inihes per hour indicated nl 1 foot al)ove fuel bed 


2 I 4 I 0 I K , 10 I lU 


0. 7 

11.8 ! 13.5 

14.8 

10. 1 

17.2 

11.5 

14.5 1 10.8 

18,0 

20. 7 

22. 2 

14.3 

18.5 { 21.8 

24. 5 

20. 0 

20. 1 

17. 0 

22.0 : 20.8 

30. 7 

33. 8 

30. 8 

1 20. 3 

20.3 j 31.3 

35. 2 

30. 0 

42.3 

1 22. 7 

20.4 1 34.0 

.30. 2 

4.3. 0 

47. 2 

1 25. 1 

32.2 i 38.4 

1 

43. 5 

47.0 

i 

51.8 

1 


‘ Values in tabl<* are within ±0.ri perwnt for a range of fuel terniierature from 50° to 140" F, 
2 1 ~ number of inches. 


Table 4. — Values * of - 


(tL 


E 


as a function of surface-volume ratio of fuel and fuel bed 


compactness 


Surface-volume ratif) 
(inches -')2 


10 .. 
20 ... 
4(T. 
70 . 
HK) 
b'iO 
]()0 


Fuel lH‘d (rompactness (inches '0^ 


0.2 

0.5 

. 

2 


0 

JO 


7. 14 

4.58 

3. 32 

2. 45 

i. 87 

l.tW 

1.41 

1.22 

10.05 

0. 40 

4. .58 

3. 32 

2. 45 

2. 08 

1.73 

1. 41 

14. 18 

0. tKl 

0.40 

4.58 

3. 32 

2.77 ‘ 

i 2.24 

1 1.73 

18. 73 

11.87 

8.43 

0.00 

4. 30 

3.50 

1 2.8(4 

i 2. 12 

22.;48 

14. 18 

10.05 

7. 14 

5. 10 

4.21 1 

! 3. 32 

I 2.45 

25.51 

10. 10 

11.45 

8. 12 

5. 70 

4,77 

.3. 74 

i 2. 74 

28. 30 

17. 92 

12.00 

9.00 

0. 40 

1 

.5.2<1 i 

i 

i 4.12 

! i 

3. 00 


‘ To obtain <rL for equation (32), multiply -by an appropriate shape factor, K, of tlu* fuel. 
2 1-r number of inobes. 
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Table 5. — Values ^ of as a function of moisture content and temperature of fuel 


Fuel moisture content (i)crc*ent) 


("'F.) j 

2 

4 

6 i 


10 j 

12 

14 

16 

40- 

0.546 

0.597 

0.648 

0.699 

0. 750 

0. 801 

0. 852 i 

0. 903 

00--. - . 

.556 

.608 1 

.660 

.713 ! 

.766 

.817 

,870 1 

.922 

80 - - 

.566 

.620 

.674 

.727 

.781 

.835 

.888 

.942 

100 - 

.577 

.632 

.687 

.743 

.798 

.853 

.908 

.963 

120 1 

.588 

.645 

.702 

.759 

.816 

.872 

.929 

.986 

140- 1 

.600 

. 659 

.717 

.776 

.835 

.893 

.962 

1. 010 


' To obtain * 70 * for equation (32), multiply by the density of the fuel. 


Table 6. — Values ’ o/Zn|^Ct surface fires as a function of wind velocity 

and fuel temperaturey to, for time 1 minute from start of fire and zero slope 


Fuel temperalure (°F.) 

Wind velocity (in miles p<?r hour Indicated) at 1 foot above fuel bed 

2 

4 

6 


10 

12 

40 

0.2904 

0. 2078 

0. 1596 

0. 1249 

0. 0971 

0. 0760 

60 

.2769 

. 1939 

.1458 

.1106 

.0834 

. 0620 

80. 

. 2631 

. . 1798 

.1319 

.0971 

.0695 

.0478 

100. 

.2484 

. 1664 

.1178 

. 0825 

.0554 

.0344 

120 

.2343 

. 1519 

. 1035 

. 0680 

.(Hll 

. 0198 

140 

.2199 

. 1371 

.0889 

. 0535 

.0206 

. 0070 


» Flame temperature, //, and ignition temperature, U, are considerod constant at 1500° and 550° F., re- 
spectively* 


SUMMARY AND CONCLUSIONS 

The analysis of rate of fire spread in light forest fuels reported in 
this paper is based on the theory that the spread of a fire can be ex- 
pressed as successive ignitions of adjacent fuel particles and tliat its 
rate is therefore governed by the time required to raise successive 
fuel particles to ignition temperature. Equations have been derived 
for rate of fire spread in homogeneous and heterogeneous fuel beds, 
takingfinto account the physical characteristics of the fuel particles, 
the arrai^emcnt of tlie bed, and the pertinent attributes of the atmos- 
phere. The spread equations are expressed in terms of the following 
fundamental variables: (1) Film conductance; (2) heat transfer factor 
for radiation; (3) ignition temperature; (4) fuel particle spacing; (5) 
surface volume ratio of fuel; (6) specific heat; (7) density of fuel; and 
(8) fuel temperature. It has been shown that the variables onlinarily 
recogniaed in field practice— wind velocity, fuel moisture, fuel density, 
fuel size, fuel bed compactness, slope, and time — influence fire spread 
only as they produce changes in the fimdamental variables. 

The results of field and laboratory experiments were used to check 
the theory and analysis, as well as to provide quantitative information 
for determining the magnitude of the effects of variables measurable 
in field practice on the rate of spread. 
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A COMPARISON OF THE CHEMICAL COMPOSITION OF 
DIPLOID AND TETRAPLOID CORN* 

By G. H. Ellis, research chemisv, United States Plant, Soil, and Nutrition Lahora- 
lory, L. F. Randolph, cytologist, Division of Cereal Crops and Diseases, Bureau 
of Plant Industry, Soils, and Agricultural Engineering^^ and G. Matrone, 
chemist, United States Plant., Soil, and Nutrition Laboratory, Agricultural 
Research Administration, iJnited States Department of Agriculture 

INTRODUCTION 

In crop production studies, increasing attention is being given to the 
evaluation of the crops produced in terms of constituents of nutri- 
tional significance, as well as in terms of total yield. Although exten- 
sive animal feeding trials are necessary to evaluate a crop completely, 
chemical data are useful indicators of the nutritional value of plants. 

In 1940 Randolph and Hand (10) ^ report(‘d that doubling the num- 
ber of chromosoinfys in pure yellow corn resulted in an increase of 
approximately 40 percent in the total caroteuioid pigment content and 
in the biologically active provitamin A fraction of the grain. Further 
analyses on both the grain and stover of similar strains of corn indicate 
that doubling th(' number of chromosomes may bring about other 
changes in composition that appear also to be of nutritional signifi- 
cance. 

MATERIALS AND METHODS 

Analyses of the grain, involved comparable diploid and tetraploid 
culture's in each of four stocks of corn (Zea mays L.), as follows: 

A. A commercial inbred line of yellow dent corn, de.sigiiated 4- 8d, and an auto- 
tetraploid line d(*rived from it through direct chomosome doubling induced by 
the heat-treatment technique of Randolph (9). 

B. A commercial yellow dent line of tetraploid corn that was inbred for seven 
generations after it was produced by the heat treatment of a diploid hybrid com- 
bining inbred lines of Webber Dent, Illinois A, and Luces Favorite, and diploid 
cultures originating from parthenogenetic diploid plants that arose spontaneously 
in the tetraploid line. 

C. A first generation hybrid of the tetraploid lines of stocks A and B. 

D. A white flint line of tetraploid corn that was inbred for four generations 
after it was produced by heat treatment of a diploid hybrid combining two similar 
lines of white flint corn, and diploid cultures originating from parthenogenetic 
diploid plants that arose spontaneously in this tetraploid line. 

Analysis of the earfree stover involved A, B, and D utilized in the 
apalyscs of the grain and the following four additional stocks: 

E. A commercial yellow dent tetraploid line, inbred two generations after being 
produced from a synthetic diploid hybrid involving inbred lines of Webber Dent, 

1 HewiveU for publication Auf^ust 16, 1944. Cooperative invostitratlon of the P, 8. Plant, Soil, and 
Nutrition Laboratory, the Division of Cereal Crops and Diseases, Bureau of Plant Industry, Soils, and 
Agricultural Engineering, Agricultural Research Administration, U. S. Dt‘i)artiuent of Agriculture, and 
the Department of Botany, New York State College of Agriculture, Cornell University, Ithaca, N. Y. 

* Also professor of botany, New York State College of Agriculture, Cornell University. 

* Italic numbers in parentheses refer to I>iterature Cited, p. ISO. 
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Illinois A, Luces Favorite, and white flint, and a diploid culture that orignated 
from a parthenogenetic diploid plant occurring in this tetraploid line. 

F. Another tetraploid line of the same origin as E, inbred thret‘ generations, 
and a derived parthenogenetic diploid culture. 

G. A third line of the same origin as E and F, inbred three generations, and a 
derived parthenogenetic diploid culture. 

H. A tetraploid line of the same origin as B, inbred three generations and 
parthenogenetic diploid cultures derived from it. 

The above stocks A to H wore analyzed in 1940 (tables 1 to 3). 
In 1941 analyses of the stover in stocks A, B, and D wore ropoated in 
order to dotormino the extent of seasonal variation with respect to 
(dicmical composition, the same stocks being given different culture 
numbers in (^ach of jLhe 2 years as shown in table 3. 

The samples of grain and stover were harvested at maturity, tlie 
grain being air-dried immediately after harvest to a moisture content 
of approximately 14 pennuit. The stover samples were taken from 
fully matured plants before they had been injured by frost or desicca- 
tioh and while still gr(‘en. After the stover samphvs had been air- 
dried, they were ground in a hammer mill. Suitable portions of this 
material and of the corn grain were prepared for analyses by grinding 
in a Wiley mill to pass through a 1-mm. screen. 

All of the results given are expressed as percent on a dry matter 
basis. The dry matter was obtaiiuHl by drying in a vacuum ovcmi at 
95° to 100° C. for 5 hours. 

Total nitrogen was determined by the boric acid modification of the 
Kjeldahl method. 

Ether extract, ash, and crud(* fiber W(‘re determined by the official 
methods of the Association of Official Agri(‘ultural (ffiemists {1). 

The cellulose' determinations were made by the Crarnpton-Maynard 
me'thod (S) and th(‘ lignin determinations by a 72-p('rc('nt sulfurie^ 
acid method, the detail of which have^ not yet Ix'en published. It 
consists essentially in extracting the air-dried samph' with an alcohol- 
benzene mixture, followed by digestion wdth pepsin to render protc'in 
material soluble. After additional acid hydrolysis, the residin' is 
treated with 72-percent sulfuric acid. Water is added to bring the 
sulfuric acid concentration to 3 percent and boiled. The residue aftei' 
filtration and correction for its ash content is considen'd to be lignin. 

RESULTS 

Tlie values for the nitrogen content of the corn grain are presente'd 
in table 1. This table and succeeding tables show that more than one 
culture of each stock ordinarilv was analyzed. These cultures within 
each of the stocks originated from seed of selfed ears which wen^ 
produced by sister plants in the preceding generation. For example, 
in stock B cultures 612 and 613 originated from the selfed seed of 
spontaneous parthenogenetic diploid plants, and cultures 614 to 618 
from tetraploid sister plants of the same culture in the preceding 
generation. 

In all comparisons, the nitrogen content was higher in the tetraploid 
stocks than in the comparable diploid stocks. The largest increase 
was in stock D, a white flint com. The mean value with its standard 
error for all the diploid values was 1.799 ±0.0887, while the mean value 
for the tetraploids was 2.087 ± 0.0349. The difference of 0.288 ± 0.0953 
is statistically significant at odds of 100:1 and represents an average 
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increase of 15 percent. In this comparison, the values of stock C are 
omitted. Tliese values are of interest since they show that this 
hybrid of the tetraploid stocks A and B was considerably lower in 
nitrogen content than either of the parent stocks. 

The individual values recorded for stock C repn^sent separate 
analyses and were included to indicate the adequacy of the sampling. 
The determinations were mad(‘ on five replicate 2()-gm. samples and 
show relatively close agreement among themselves. All the other 
samples were 50 gm. in weight with the exception of the tetraploids 
in stock A. which were 20 gm. 


Table 1. — Nitrogen content of corn grain, J940 


Stock 

Culture 

No. 

Diploid 

nitrogen 

Average 

Culture 

No.' 

Tetraploid 

nitrogen 

Average 



Ptretni 

PeTcriit 


Perce/nl 

Percent 

A 

Old 

2. laii 


562 

2. 309 






565A 

2, 17.‘( 


- 



2. lao 

r)(i5B 

2. 216 

2.2:: 

B. 

612 
61 a 

2. 016 


614 

2. 042 



1.981 


615 

2.224 






616 

2. 042 





1.999 

618 

2. 216 

2.i: 

C 




57.5-1 

1. 714 






57.5-2 

1.758 






57.5-3 

1.781 






57.5-4 

1.778 






.5/5—5 

1 1.728 

L7t" 

D... 

('(11 

1,.'>22 


603A 

coaB 

2. 042 

2. (H15 



('{12 

i.r> 2 a 




6(16 



604 A 

2. 082 



(<(17 

1. 646 


604B 

2. 107 



(’(IK 

1.965 


6(15 

l.yfHl 





1.651 

609 

2. 02(i 






610 

1.931 






611 

1.979 

2. 01 


J A and FJ in this column represent replimtes of the same culture. 


There was no significant difference bet ween tlu' tetraploid and diploid 
stocks with respect to etln'r extract, ash, or crude fiber, as indicated 
by the data presented in table 2. 


Table 2. — Composition of corn grain, 1940 


A 


stock 


Culture 

No.i 


f Wl 
{ 5fi5A 
I 505B 


Diploid. . . 
Tetraploid 

....do . _ 


T>^pe 


D 


mi 

602 

(KWA 

(HWB 

mvtA 

604B 


Diploid... 

do 

TetraF)loid 
do . 

do 

...do 


Ether 

extract 

Ash 

Percent 

J*ercent 

96 

2. 00 

3. 75 

1.90 

3. 60 

2. 00 

5. .37 

1.77 

4. 77 

1.61 

5. ;« 

1.66 

5. 40 

1. ,59 

5. 58 

1.60 

5. 56 

1 1. 70 


Nitrogen 

Crude 

fiber 

Percent 

Percent 

2. 1.39 

2. 66 

2. 17:i 

3.20 

2. 216 

2. 96 

1..522 

1.68 

1. .52.3 

1.77 

2. 042 

1. 74 

2.003 

1.79 

2. 082 

1.89 

2. 107 

2. 15 


' A ami B in this (tolunin represent replicates of the saine,culturc. 


The values obtained for the nitrogen content of corn stover for botli 
1940 and 1941 are shown in table 3. The difference between the 
diploids and tetraploids with respect to nitrogen content was ^eater 
for the stover than it was for the grain. In all comparisons, with the 
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exception of stock G, the tetraploid stover was higher in nitrogen than 
the diploid stover. Thus, the mean value was 1.224 ±0.0372 for the 
diploid and 1.464±0.0319 for the tetraploid in 1940, and 1 .452±0.0882 
for the diploid and 1.941 ±0.0272 for the tetraploid in 1941. These 
values represent an increase in the nitrogen content of the tetraploid 
stover as compared with the diploid stover of 20 percent in 1940 and 
34 percent in 1941 . The seasonal difference with respect to the diploid 
and tetraploid cultures was greater for certain cultures than for others, 
but there was no apparent explanation for these differences. 


Table 3. — Nitrogen content of corn stover 



1940 

stock 

(’iilture 

No. 

Diploid 

Cultun* 

No. 

'Petra- 
pi old 



I^crceni 


Percent 


091 

1.317 

r02 

1.040 


606 

1. 673 

Average.,. 




1.607 






012 

1. 290 

014 

1.379 


013 

1.042 

016 

1.306 




010 

1.299 




018 

1.397 

Average.. 


1. 109 


1. 300 

001 

1. 117 

003 

1.027 


002 

1.211 

004 

1.684 


000 

1.283 

006 

1.046 


007 

1. 173 

009 

1.238 


008 

1.046 

010 

1.230 




on 

1.328 

Average 


1. 160 


1.442 


410 

1.288 

417 

1.019 


420 

1.347 

418 

1.432 




419 

1.422 




422 

1.022 





1.184 




424 

1. 509 

Average- 


1.318 


1. 406 

431 

1.173 

432 

1.864 


433 

1. 770 

Average, 




1.817 


436 

1. 483 

437 

1.427 




438 

1. 403 




439 

1.432 




440 

1.402 

Average 




1.416 

[ 

426 

1.366 

427 

1.382 
1.314 j 


420 

1.000 

428 




429 

1.463 

Average 


1.178 


1.383 






1941 

Stock 






Culture 

Diploid 

Culture 

Tetra- 


No. 

No. 

ploid 



Percent 


Percent 

V.-- 

OHA 

1.446 

(MiA 

1.099 


08B 

1. 740 


1.820 




003A 

1.742 




003 B 

1.801 




004A 

1.770 




664B 

1.818 




OIWA 

1.747 




0G9B 

1.880 




087A 

1.971 




087B 

1.878 




088A 

2.000 




IWSB 

2.077 

Average 


1.694 


1.850 

i 

409 

1.468 

407 

1.792 


413 

1.773 

408 

1. 001 


469 

1.300 

! 410 

1.886 


404 

1. 595 

411 

1. 970 




412 

1.902 




414 

2.224 




OOOA 

1.813 




OOOB 

2. 227 




467 

1.734 




468 

1.821 




400 

1.900 




401 

2. 004 




402 

1,939 




403 

2. 064 




406 

1.947 




406 

2. 104 

A verage 


1. 648 


1.947 

) . 

448 

1. 102 

445 

2. 176 


464 

1. 130 

440 

2.038 




447 

1.920 




451 

2.209 




452 

2. 002 




453 

1. 970 




466 

2. 150 

Average.. _ 


1. 116 


2. 076 


Mean of all values and stand- 
ard errors 1. 224=t0. 0372 


1. 4642b0. 0379 



J. 941 ±0,0272 


Since the ears of the tetraploid plants were not as well filled as those 
of the diploid plants, a test was made to determine whether this fact 
had influenced the results. In the eight stover cultures designated by 
A and B (table 3, columns 7 and 9), samples were harvested from 
plants that produced no seed, the ear shoots having been protected 
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with glassinc bags during the pollinating season, and from plants that 
did produce seed. The fertile plants are designated A; the sterile 
ones B. The ears in all cases were removed before analysis. The 
mean values with the standard enw were 1.773 ±0.0608 for the fertile 
and 1.914 ±0.0559 for the sterile corn. This difference in nitrogen 
content is not statistically significant. 

Certain samples of the corn stover that showed marked differences 
in the nitrogen content of the diploid and tetraploid cultures were 
subjected to additional analyses for ether extract, ash, crude fiber, 
lignin, and cellulose. Th(‘ data are shown in table 4. The values for 
nitrogen content given in table 3 for these samples are included in 
table 4 for comparison but ar(‘ expressed as crude protein. The factor 
6.25 was used to convert nitrogen to crude protein. The results are 
(‘xpressed as crude protein so that the relationship between cellulose 
content and tl)(‘ nitrogenous constituents of tin* stovi^r can be more 
j-eadily secui. The only values other than those for crude protein con- 
t(uit that show any appreciable differences are those for crude fiber 
and cellulose. Thus, in stocks A and D, the increased crude protein 
content is accompanic'd by a roughly corresporuling decreased cellulose 
content. Wln^re the increased crude protein is not balanced closely 
by a decrease' in cellulose, a change in tlie amounts of other carbo- 
hydrates such as starch or the pentosans must occur. Tlvat the crude 
fiber dete'rmination is essentially a measure of the cellulose content 
of corn stover is indi(‘ated by the close parallelism between the crude 
fiber and cellulose values. Sc'asonal differences in cellulose and lignin 
content were' not as pronounced as those for crude protein content. 


7'able 4.— Composition of corn stover 


Stork 

(^ultiire 

No. 

091 

rm 

mb 

Type 

Ether 

extract 

Ash 

Crude 

protein 

Cellu- 

lose 

Lignin 

Crude 

filler 

A (IMG) 

Averagt* 

l)ij)Ioid- 

Tetraploid 

do . ... 

PtreerU 

1.47 

1..34 

1.39 

Percent 
7. 84 

7. 70 
7.43 

Percent 
8. 23 

10. 25 
9.83 

Percent 

31.2 

28. 1 
28.9 

Percent 

9.59 

7.94 

8.86 

Percent 

35.2 

28.0 

29.8 

1.37 

7.57 

10. 04 

28.5 

8.40 

29.9 




JJ (1G40) 

601 

Diploid 

1.61 

9. 07 

6. 98 

36.0 

10. 73 

36. 1 


602 

do 

1.48 ; 

8.63 

7.57 

35.9 

10. 50 , 

35.0 

Average . .. 



1.55 

8.85 

7. 28 

36. 0 

10.62 ' 

35. 1 


603 

1 

Tetraploid 

1.69 

8. 79 

10. 17 

29.0 

9.66 

25.4 


604 

do 

1.61 

8. 17 

9.90 

27.0 

8.56 i 

28.0 


6(W 

do 

1.71 

9. 76 

10.29 

31.3 

10. 10 i 

30. 1 

Average . _ 




1.67 

8.91 

10. 12 

29.1 

9.44 

27.8 

F (ltt40) 

431 

Diploid ... . 


6. 69 

7.84 

31.8 

8. 69 

jjjjjjjjjjFJQ 


432 

'Tetraploid 


8. 72 

11.65 

30.3 

9. 16 



433 

do 


7.54 

11.07 

m6 

8. 19 


Average 




8.13 

11.36 : 

30.5 

8.68 


I) (1941) 

448 

Diploid - . . . .. 



6.89 

31.4 ! 

10. 5 



454 

do 



7.06 

33.7 1 

10.6 





i 






Average 





1 6.98 

32.6 

10. 6 



445 

Tetraploid 



13. 60 

i 24. 0 

9. 7 



446 

..... do - 



12. 74 

26. 0 

10. 4 


Average 



— 


13. 17 

25.0 

10,1 

: 
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DISCUSSION 

The data presented show clearly that tetraploid corn is higher in 
nitrogen and lower in cellulose than comparable diploid corn, and that 
both types have essentially the same amount of the fatlike constitu- 
ents included in tlie ether extract and the, inorganic constituents of 
the ash. But it is possible that the^se results do not accurately reflect 
the actual effect of chromosome doubling on the chemical composi- 
tion of corn because of the influence of factors other than the differ- 
ence in chromosome number. However, the experiments were 
carefully designed to minimize genetic and environmental differences 
that might affect the results. Various stocks were selected for study 
in order to sample different types of corn and also to include a suffi- 
cient number of comparisons to permit average diffennees between 
the diploid and the tetraploid to be obtained that would be more* 
significant than differences based solely on one or a few comparisons. 

Since stage of maturity can influence composition to a marked 
degree, the samples were harvested only from fully mature', green 
plants that had been grown in randomized plots in the saints field. 
It is also possible that the tetraploid plants were more leafy than the 
diploids. If they were, this miglit have accentuated tlu'. observe'd 
differences, since the leaves probably contain more nitrogen per unit 
of dry weight than do the stems, linfortunately, this ratio was not 
determined, but the diploid and tetraploid plants were not noticeably 
different in this respect. 

The transformation from the diploid to the tetraploid state resulted 
in an appreciable change in the direction of higher nutritive values 
so far as can be judged by cliernical analysis. Since the question of 
the significance of chemical analysis in evaluating foodstuffs has been 
adequately discussed (Jsewhere (3, 8), it is sufficient to point out here 
that at present a complete evaluation of nutritional quality is im- 
possible without feeding trials with animals. In many instaiKM's, 
however, it is not feasible, for ecomonic or other reasons, to subject 
experimentally grown plant material to animal tests. Chemical an- 
alyses in such cases are of value as indicators of nutritional quality. 
Much of the evidence available today indicates that a lower cruder 
fiber and a higher nitrogen content both favorably influence nutri- 
tional quality. 

From the genetic standpoint, the diploid and tetraploid cultures of 
stock A were strictly comparable in that the tetraploids originated by 
direct chromosome doubling of an inbred line of diploid corn that had 
been self-pollinated for many generations and was therefore essentially 
homozygous. The diploid and tetraploid cultures of the other stocks 
were not as strictly comparable as those of stock A. The tetraploid 
lines that produced the parthenogenetic diploids with which these 
other comparisons were made had not been inbred sufficiently to 
render homozygous all of the genes that majr have influenced the 
chemical composition of the plants. But within most of these stocks 
more than a single diploid-tetraploid comparison was made, and it 
is believed that a sufficient number of stocks were involved in the 
experiments to furnish significant results, especially as the observed 
differences were consistent. With the exception of one of the seven 
stocks used in the protein analyses of the stover, the rcisults exhibited 
trends which were all in the same direction for both nitrogen and 
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celluloso content. Analyses made in different seasons also exhibited 
similar trends. 

The observed similariti(‘.s and differences between the diploid and 
tetraploid corn can be explained on a genetic basis simply by assuming 
that certain genes affecting the chemical composition of the corn 
plant a(*t in a (uimulative manner and others do not. The genes 
which control nitrogen accumulation in the grain and in the stover 
apparently exhibited a cumulative effect in that the tetraploids, which 
have four dos('s of these genes in all parts of the plant other than the 
endosperm, and six doses of th(‘ endosperm genes, wctc (‘onsistently 
high(>r in nitrogen cnntent than the related diploids, which have only 
two doses of tht‘se g<‘nes in the parts of the plant other than the endo- 
sp(um and three doses in the endosperm tissue. Tli(» genes regulating 
the synthesis of the fatlike constituents of the ether extract and the 
accumulation of inorganic matter in the ash (*xhibited no dosage 
effect. Both the diploids and th(‘ tetraploids contained essentially 
similar amounts of tlu^se constitiKuits. 

Tht‘ negative eff(‘ct of cJiromosome doubling which was noted 
with respect to cellulose content of the cornstover was not unexpected. 
J^ercentagc incr(*ases in certain constituents must be balanced by 
perc(‘ntage de(*r(aises in other constituents. The decrease in the 
amount of cellulose correspoiuh^d roughly with the increase in crude 
protein (NXh.25) eontcuit of the tetraploid. 

Randolpli and Hand (10) accounted for an increase^ of 40 percent 
in the content of the carotenoid pigments in yellow corn meal on the 
assumption that the genes for yellow endosperm (‘xert ed a cumulative 
(‘tfect following chromosome doubling. Tlie present investigation 
has demonstrated a similar but less pronounced increase in the nitrogen 
content of the corn grain and stover, which is interpreted in the same 
way. 

Recently Barr an<I Newcomer (2) reported that tetraploid cabbage 
contains 36.48 percent more sugars, 23.86 percent more ascorbic acid, 
and 32.62 percent more colloidal nitrogen than diploid cabbage; but 
the diploid had about 14 percent more soluble nitrogen than the 
tetraploid. In experiments with autotetraploid Nicotiana, Noguti, 
Okuma, and Oka (7) and Noguti, Oka, and Otuka (6*) reported that 
the tetraploids contained from 51 to 138 percent more nicotine than 
the corresponding diploids and that the content of nitrates, organic 
acids, sugars, total nitrogen, and ether extracts also was increased in 
the tetraploids. 

In certain plants chromosome doubling apparently does not produce 
significant changes in chemical composition. For example, Kostoff 
and Axamitnaja (S) found that diploid and tetraploid petunias did 
not differ appreciably in the amounts of the more important chemical 
constituents. However, tetraploid tomatoes were reported by 
these workei’s to contain appreciably more w^ater, nitrogen, proteins, 
and ash, but loss carbohydrates than the related diploids. But the 
chemical composition of tetraploid tomatoes examined by Faberg6 
(4) was similar to that of the diploids. 

If the chemical composition of plant tissues is regulated by the 
action of specific genes that may or may not act in a (‘umulatiye 
manner, it would be expected that the autotetraploids of certain 
species and of certain genotypes within spoci(‘s might differ from those 
of other species or genotypes with respect to chemical composition, 
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and others might not. Differences of this sort were noted in the 
present study and have been reported by other workers. Further 
investigations are needed to determine the general significance of 
chromosome doubling in relation to the nutritional value of culti- 
vated plants. 

SUMMARY AND CONCLUSION 

In certain stocks of corn {Zea maysL), doubling the number of 
chromosomes was accompanied by an inx’rease in the amount of nitro- 
gen present in the grain and in the stover, the average increase being 
15 percent in the grain and fi’om 20 to 34 percent in the stover. 

Th(> chemical composition of the grain in diploid and tetraploid 
maiz(^ was essentio-lly the same with respect to ether extract, ash, 
and crude fiber. 

The diploid and t(‘traploid co]*n stover contained (essentially the 
same iHdative amounts of ash, ether extract, and lignin. 

The higher ci-ude protein (N X 6.25) Conttent of the t-(*tr*aploid 
stover was accompanied by a correspondingly lower content of crud(‘ 
fiber and cellulose. 

The chang(es in (duxnical composition that accompanied th(‘ trans- 
formation from diploidy to tetraploidy are assumed to be due to the 
cumulative action of certain genes, notably those* concerned with 
protein metabolism, and the noncumulative action of other genes. 
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THE RELATION OF TEST WEIGHT AND PROTEIN CON- 
TENT TO THE MILLING AND BAKING QUALITY OF 
HARD RED SPRING WHEAT HYBRIDS ^ 

By R. II. Harris, on ml tvohnolofjut , and I.. K. Waldron, plant hrccder^ North 
Dakota^ if/ricifltural E.vporiwont Station '" 

INTRODUCTION 

For several years data have acciiniulated at this station on tlie niicro 
inillinji; and baking quality of a lar^e number of selections from hard 
led spring wheat hybrids. These hybrids originated in the wheat 
nursery at Fargo and liave been submitted for technologic tests because 
of agronomic promise. 'The purpose of these tests is to obtain infor- 
mation on theij* suitability for commercial flour production. While 
many are found to b(‘ undesirable, as they show no improvement over 
varieties already grown commercially, a few are discovered each year 
which justify furthei- study. If some of these wheats are proved to be 
equal oi* superior in quality to those already in iiroduction they may be 
included in jilot ti-ials at one oi* more localities in the State, and sam- 
ples from these plots are then milled on the Allis-Chahners experi- 
mental mill and the residtant flours baked by the lOO-gm. method. 

The present inquiry was undertaken to discover whether reliable 
preliminary information regarding milling and baking quality, as 
assessed by micro methods, could be secured from a knowledge of test 
weight j)er bushel and wheat protein content. The situation encoun- 
tered in small-size nursery tests is quite diffeient from the more com- 
mon one of evaluating a number of varied samples consisting of only 
a few wheat varieties, and the relations between test weight and flour 
yield, and wheat protein content and loaf volume, existing in these 
samples might not be found in nursery material. 

Comparisons between the standard and micro milling and baking 
methods reported in the literature increase confidence in micro 
metiiods, (ieddes and Aitken (ireddes and Frisell (.i), Harris 
and Sanderson (o), and Sibbitt, Scott, and Harris (<V) have jiresented 
the merits of micro j)rocedur(^s and have comi)ared the data with those 
obtained by the use of the Allis-Chalmers mill and lOO-gm. baking 
method. 

In the present j)ai)er tin* data secured from four successive wheat 
crops are discussed, and the information derived from micro milling 
and baking tecliniciues in plant breeding woi^k is pointed out. 

^Received for piibllcatlori August 20, 1044. 

^The aiitliors wish to acknowledge tlie valuable assistance of L. D. Sibbitt in 
lierforniing the milling and baking tests, and of Muriel Elledge in analyzing the 
data. 

® Italic numbers in parentheses refer to Literature Cited, p. 135. 
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EXPERIMENTAL MATERIAL AND METHODS 

The wheats studied were grown in 1940, 1941, 1942, and 1943 in 
tlie nursery rod rows at Fargo, N. Dak. They were all hard red spring 
wheats of diverse parentage. The individual wheat samples were 
hand-harvested and carefully protected from unfavorable weather 
while in the shock. They were threshed in a small, motor-driven 
thresher when dry and in suitable condition. There were 145 samples 
in 1940 and 1941, 214 in 1942, and 155 in 1943. The samples for tech- 
nologic testing were eai'h composited from the seed from several repli- 
cations. Usually 250 gm. were received for milling and baking tests 
and nitrogen determinations. 

The wheats were (Teaned and tempered before milling. The milling 
and baking methods employed w^ere those described by Sibbitt, Scott, 
and Harris (<V). Test weight was ascertained by a micro method re- 
ported by Harris and Sibbitt (6*) since the quantity of wheat was too 
small for the standard quart procedure, which requires approximately 
quarts of grain. Total wheat protein was determined by the 
Kjeldahl procedure. Flour yield is expressed as jjereent of wheat at 
13.5-percent moisture content. Wheat protein was calculated on a 13.5- 
percent moisture basis, wdiile loaf volumes are from 25 gm. of flour 
containing 86.5 percent dry matter. The doughs wei'e mixed in a Ho- 
bart C~10 mixer equipped wnth special dough hooks for mixing 50-gm. 
douglivS. After mixing, the doughs w^ere divided into equal port ions by 
weight and fermented for 3 hours. 

EXPERIMENTAL RESULTS 

The individual determinations were too numerous for presentation, 
and are in themselves of no particular interest. The discussion of the 
results will therefore be limited to the means, the variability, and the 
relations between suitable pairs of the four variables: test weiglit per 
bushel, flour yield, wheat protein content, and loaf volume. In this 
discussion diferences significant at the 5-percent point will be defined 
as significant, wdiile those significant at the l-percent point Avill be 
called very significant. 


MEANS 

The mean values for each variable studied for each year are sliown 
in table 1. There are very significant differences among these annual 
values. The differences in test weight between 1940 and 1943 and be- 
twefui 1941 and 1942 are very significant, wdiile those between 1940 
and 1942 and between 1941 and 1943, are significant at the 5-percent 
point. These differences are principally caused by weather condi- 
tions, no doubt, although the experimental material varies in genetic 
composition from year to year. For flour yield all yearly averages 
differ very significantly, except those for 1942 and i943, which are 
identical. There seems to be little association between the correspond- 
ing means for test weight and flour yield, despite a priori expectations. 
For wheat protein very significant differences exist between 1940 and 
1941 and between 1941 and 1942, while the 1943 values are very 
significantly higher than any of the other three. The difference be- 
tween the 1940 and 1942 means is just significant. There is possibly 
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some degree of associutiou between tbe yearly averages for test weight 
and wheat protein since the 2 years of high test weight were those in 
which the protein was lowest, while low test weight crops apparently 
had high protein content. All loaf volume differences were very 
significant. Little relation between the wheat protein and loaf vol- 
ume means are evident. 

STANDARD DEVIATIONS AND COEFFICIENTS OF VARIATION 

The standard deviations and coefficients of variation for eacli vari- 
able are shown in table 1 for each year. The significance of differences 
in variability between years was not tested, but there seems to be no 
extreme diff*erences. Apparently variations in weatlier conditions and 
the genetic composition of the wheats did not greatly affect the vari- 
ability of the results. 


Table 1. — Memjs, standard deriuiiovfi, and corffidents of variation of test weight, 
flour yield, vdu at protein, and loaf volume of wheats teded for each year. 


Crop year 

Number o( samples : 

1'est weight 

Flour yield 

Wheat protein 

Loaf volume 

c 

t 

i 

•o 

« c 

to 

Coefficient of 
\wiation 

c 

os 

Standard de- 
viation 

Coefficient of 
variation 

< 

Standard de- 
viation 

Coefficient of 
variation 


Standard de- 
viation 

Coefficient of 
variation 



JJi. 

Lh. 

U. 












per 

per 

per 












bn. 

(m. 

bu. 

Pet. 

Pet. 

Pet. 

Pcf. 

Pet. 

Pet. 

Ce. 

Ce. 

Ce. 

UHO . 

i4r> 

fio.n 

1.07 

1.8 

71.4 

1.90 

2 7 

14.5 

0. 83 

5.7 

172 

16.45 

9 6 

1941 

145 

59.8 

1.13 

1.9 

i 70.2 

2.12 

3.0 

15.3 

. 53 

3, 5 

15ti 

15.59 

10.0 

1942 . 

214 


i 1.36 

2.3 

! 72.4 

1 . 66 

2.3* 

14.7 

1.07 

7.3 

167 

17.94 

10.7 

1943 . 

J 55 

59.5 

1.49 

2. 5 

72.4 

1.88 

2.6 

16.3 

.62 

3.8 

187 

17.35 

9.3 

( fraud moan . . 


W). 1 



71.7 



! 15.2 



170 











1 







MAXIMUM AND MINIMUM VALUES 

The maximum and minimum values of wheats tested, with corre- 
s|)onding i*anges, are sliown in table 2. It is realized that these val- 
ues do not reflect the variability of the material as accurately as stand- 
ard deviations since they are determined by very few variates and 
are subject to large errois of random sampling. They are presented 
merely to show the substantial differences in actual values found in 
a single crop year, and to illustrate the fact ihat absence of signifi- 
cant correlation between suitable pairs of variables was not caused 
by lack of variation in the material, whicli was all grown in the same 
location. Test weight varied 9.4 pounds per busliel in 1943, and flour 
yield varied 12.6 percent for the same crop. In 1942 wheat protein 
content differed 5.8 percent and loaf volume 120 C‘C. 

The causes of these differences within years probably lie in varia- 
tions in the genetic composition of the wheats, causing them to respond 
differently to weather conditions, since the soil properties should be 
strictly comparable for all samples. 

CORRELATION COEFFICIENTS 

The correlation coefficients between test weight and flour yield, and 
between wheat protein and loaf volume for eacli year are shown in 
table 3. Little comment on these is required, except to point out the 
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rather surprising lack of close association in most instances between 
the different pairs of variables. With the exception of wheat protein 
and loaf volumes for 1941 and 1943 these are too small to be of much 
practical significance. For instance, no worth while information 
regarding flour yield can be secured from a knowledge of test weight, 
and the only information of value from the test weight data is for 
grading and general descriptive purposes. The cori'elations between 
wheat protein and loaf volume are considerably better, but for the 
1940 crop there is no relation of statistical significance, while for the 
1942 crop the correlation, though significant, is of little [)ractical 
value. For the remaining 2 years, 1941 and 1943, the correlations are 
relatively high but not high enough to permit the prediction of loaf 
volume from wheat protein with any reasonable degree of confidence. 
The relations between some of these associated data were examined 
for nonlinearity but no evidence of this was found. 


Table 2. — Maximum and minhnum valueft of irhrats tented with eorrespondluf; 
rantjen of tent weight, wheat protein, flour yield, and loaf volume for each 
year. 



'Pest weight 

Flour yield 

Wheat protein 

lioaf volume 

Crop year 

Maxi- 

mum 

Mini- 

mum 

Range 

Maxi- 

mum 

Mini- 

mum 

Range 

Maxi- 

mum 

Mini- 

mum 

Range 

Maxi- 

mum 

Mini- 

mum 

Range 


Lt). per 
hu. 

Lb. per 
bu. 

Lb. per 
bu. 

Pet. 

Pet. 

Pet. 

Pet. 

Pet. 

Pel. 

Ce. 

Ce. 

Ce. 

1940 

02. 7 

67.2 

5.5 

75.2 

04.9 

10. 3 

17.8 

12.4 

5.4 

220 

140 

80 

1941 

02.1 

,53. 6 

8.0 

75. 5 

02.9 

12. 0 

10. 5 

13.4 

3. 1 

194 

118 

70 

1942... 

o;i.o 

.55. 8 

7.8 

77.0 

07. 0 

10. 0 

10.8 

11.0 

1 5. 8 

2:15 

115 

120 

1943 

02. 2 

52.8 

9.4 

79.2 

00. 0 

12.0 

17.8 

14. 5 

3. 3 

240 

145 

95 


I^AHLE 8 . — Correlafion eoffieientn hetween tent weight and flour yield, and hetween 
wheat protein and loaf rolwme for eavh year 


Variables correlated 

(-rop 

year 

1 

Correlation 
coefllcient 
Tru ‘ 



Test weight (pounds i)er bushel) 

Flour yield (iKTcent). 

1940 

1941 

1942 

1943 

1940 

1941 

1942 

1943 

-fO. 108 
-f. 3(K) 
-b. 2.30 
-f . 130 
+. 070 
+.034 
; +. 205 

+. 530 

Wheat protein (percimt) 

Loaf volume (cubic centimeter) 




’ The value of at the ^-percent iwint for the different years was as follows; 1940 and 1941, 0.103; 1942, 
0.134; 1943, 0.168. It.‘! value at the l-i)ercent point was: 1940 and 1941, 0.216; 1942, 0.177; 1943, 0.208, 


DISCUSSION 

The absence of high correlation between the two principal pairs of 
variables shows very cleat^y the fallacy of any but the most general 
and uncertain prediction pf flour yield and loaf volume from test 
weight and wheat prote^ tontent, respectively. This is particularly 
true respecting test weight and flour yield. ‘ The correlation coefti- 
cients between wheat pr^em contejit and loaf volume for the 4 years 
were ti'ausformed and cPiubiued by the method suggested by Fisher 
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(2), The value obtniiUMl for the combined results was only 4-0.370. 
Since the square of this value is 0.137, one could conclude that wheat 
protein content accounted for only a[)i)roxiinately 14 percent of the 
loaf volume variation, indicatinjL^ that about 80 percent is dependent 
upon other factors. The variation in flour yield independent of test 
weight would be greater because the seasonal correlations between 
these two variables are lower than for wheat protein content and loaf 
volume. Thus the plant breeder basing his estimates of the flour- 
yielding and baking capacity of his hybrids and selections upon the 
relatively easy and rapid determinations of test weight and protein 
content woukl be subject to substantial errors in his decisions regard- 
ing the milling and baking quality of his wheats, as determined by 
mi(‘ro milling and baking methods, with the expenditure of needless 
time and exjiense in later eradicating inferior selections from the 
breeding [ii’ogiam. In the interim there would be excellent prospects 
of some really })romising varieties being discarded. 

The results obtained from this investigation conducted with micro 
methods are in essential agreement with those secured by Hayes et al. 
(7) and Ausemus et al. {/) by the use of the Allis-Chalmers experi- 
mental mill and the 100-gm. baking method on Avheats of diverse 
genetic origin grown at four Minnesota stations. However, Waldron 
and Mangels (9), also emph^ying the Allis-Chalmers mill and the 
lOO-gm. baking method, found significant relationships between flour 
protein content and loaf volume for nursery tests over a 4-year {)eriod 
(/’=-h0.441). Their values were not high enough, though, to \)e 
useful for predicting loaf volume from flour ])rotein cmitent. 

SUMMARY AND CONCLUSIONS 

Very significant diflVrences between crop yeai's were found in test 
weight, wheat ])i'otein content, flour yield, and flour loaf volume for 
hot) samples of hard red s|)ring wheat prochiced in the Fargo nursery 
over a 4-year peiviod. These differences were no doubt caused princi- 
]>ally by yearly variation in Aveather (‘onditions, Avith variations in 
(he genetic composition of the AAdieats being less imjmrtant. 

Correlation coefficients for each of tlie four crop years between test 
Aveight and flour yield Avere so low as to be of no practical sigiufi(*ance, 
wliile the coefficients between Avheat protein content and loaf Amlume, 
though generally higher, Avere of little piactical value for predicting 
loaf volume from Avheat protein content. Tlie relationships betAA^een 
the different pairs of variables Avere essentially linear in character. 

The results secured in these iiU'estigations shoAv the danger of rely- 
ing solelv upon test Aveiglit and AAdieat )>rotein content data to predict 
accurately milling and baking (juality in nursery rod-roAv samples of 
hard red spring Avheat. 
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INFLUENCE OF CARBOHYDRATE LEVELS AND ROOT- 
SURFACE MICROFLORAS ON PHYMATOTRICHUM ROOT 
ROT IN COTTON AND MAIZE PLANTS ‘ 

By Fkank M. Eaton, senior plant physiologist^ Division of Colton and Other Fiber 
Crops and Diseases, Bureau of Plant Industry, Soils, and Agricultural Engineer- 
ing, Agricultural Research Administration, United States Department of Agricul- 
ture, and Neil E. Rigler, formerly plant physiologist, Division of Plant Pathol- 
ogy and Physiology , Texas Agricultural Experiment Station - 

INTRODUCTION 

During its fruiting period eotton (Gossypium, spp.) is highly sus- 
ceptihle to attack by the root rot fungus Phymatoirich^ omnimrum 
(Shear) Dugg. The fact tliat P. omnivorxtm attacks some 2, GOO speedes 
of plants {28^ 26) ^ indicates that the parasitic activity of this fungus 
is not highly s})ecializ(‘d. Under sterile conditions it makes a vigorous 
vegetative growth on diverse synthetic media {3, 12, 24, 27) and fonns 
sclerotia when grown on synthetic media as w'ell as on various plant 
materials (7, 17). The organism has beem obseuwed to die out in 
decaying organic, material, l)iit food exhaustion is not primarily re- 
sponsible for this result {20)] with the removal of competitive effects 
of other microbes by sterilization, the fungus grows w'(dl after reinocu- 
lation, regardless of the amount of decomposition that the material 
has previously undergone. 

The actual p(Uieti*ation of PA?/maf<>//‘rcA?/7n’ omnwomm into the cells 
of a host plant is prec(Hled by enzymatic and other chemical action 
that kills the protoplasts in advanc(‘ of cell-w^all destruction {27, p. 59; 
32, 33) . The fon'going find ings, taken in conjunction wdth the fact that 
tlie organism does not become systemic in its host, point to the con- 
clusion that it not only does not require but that it never utilizes liv- 
ing materials as such. In ot her words, this parasite appears to function 
as a saprophyte abundantly equippi^l wdth extracellular enzymes. 

The (‘onclusion that death of the cell precedes penetration points 
to an additional probability, namely that the action oi Phijrnatotrichum 
omnivorum on and in roots releases nutrients favorable to the growth 
of other micro-organisms that advance with it. The existence of P. 
omnivorum. within attacked tissues would thus be highly competitive, 
and its growdh and survival would depend largely upon the relative 
suitability of the tissue substrate for this fungus and for competitive 
or antibiotic saprophytes. 

The investigation reporti'd here deals with (1) the relation betw^een 
carbohydrate levels and susceptibility of cotton to phymatotrichum 

1 Received for publication May 26, 1944. Cooperative investigations of the Division of Cotton and Other 
Fiber Crops and Diseases and the Texas Agricultural Experiment Station. Technical Contribution No 
783 of the Texas Agricultural Experiment Station. 

2 The writers gratefully acknowledge their indebtedness to Francis E. Clark, of the Division of Soils, 
Fertilizers, and irrigation, Bureau of Plant Industry, Soils, and Agricultural Engineering, and Roland B. 
Mitchell, formerly of that Division, for the microbial assays and discussion reported in this paper under 
the heading Root-Surface Microfloras and (Carbohydrate Levels. The writers are greatly indebted also to 
D. R. Ergie, L. E. Hessler, and J. E. Adams, of the Division of Cotton and Other Fiber Crops and Dis- 
eases, for their cooperation in the chemical analyses of cotton grown in field plantings. 

* Italic numbers in parentheses refer to Literature Cited, p. 160. 
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root rot, (2) the effects of carbohydrates in th(> roots of th(» cotton 
plant on the root-surface microflora, and (3), by means of sterile 
cultures, the protection afforded by the root microflora against the 
invasion and growth of the fungus on tin' roots of young cotton 
Mrmtum L.) and maiz(' (Zea mays L.) plants. 

REVIEW OF LITERATURE 

It is well known that some of the obligate parasites gi'ow most 
vigorously in normal, well-nourished, host plants. Literature show- 
ing poor growth of rust and mildew in leaves low in carbohydrates 
has been reviewed by Trelease and Trelease {31), Somewhat less is 
known about the^relation of the root-infecting fungi to the composi- 
tion of the host plant. Leach {18) has reported that, while Armillaria 
mellea can develop only on roots high in carbohydrates, Bhizodonui 
bataiicola and Botryodiplodm theobrornae are capable of developing in 
roots of low (*arb()hydrate content. Tnfe(‘,tions by A. 7nellea^ were 
reduced in newiy planted land by ring-barking the trunks of forest 
trees prior to clearing for tea gardens. Ac(M)rding to Garrett {13, 
p,44)i Oaddhas shown that failure of tea plants to re(‘Over after too 
frequent plucking and ])runing appeared invariably to be associated 
with the absence of starch reserves in the roots and that this condition 
actually preceded infection l)y Botryodiplodia, Roots infected by 
Poria, RoseUmia^ and TJstiilina show^ed noi*mal starch content. 

Several investigators have given (‘oirsideration to relations l)etween 
susceptibility to phymatotrichum root rot and carbohydrate levels 
in roots and in nutrient media. Blank (3) ascribed the resistance of 
young cotton plants to their low (‘arbohydrate content. The addition 
of carbohydrates to agar and soil substrates supporting germinating 
cotton seeds has been said by Watkins {32) and Blank {2) to iiK'rease 
infection. Watkins and Watkins {S3, 34 ) repoided ready infection of 
seedlings of cotton, corn, and i-etama when germinated on agar jicli 
in carbohydrates. Reduction in the viability of PhymatoirUdmm 
omnivoruni on cotton roots following girdling has been considered by 
Ezekiel {11) in connexion wdtli an associated reduction in the carbo- 
hydrate conc'entration of the roots. Ergle {9), Ergle at al. {10), and 
Talley ^ have found the carbohydrate concenti-ations in cotton plants 
to vary with age. 

The general subject of disease protection by root microflora lias been 
considered by various investigators. Ijochhead {19) believed it 
possible that resistance to ceitain root diseases may be connected 
with the selective action of root excretions upon the saprophytic 
microflora, thus favoring types that may be more antagonistic to 
pathogenic micro-organisms in some cases and in others less. The 
presence of hydrocyanic acid in solutions in whicli resistant varieties 
of fla-x had been grown led Timonin {30} to suggest that root excre- 
tions of cyanogenetic glucosides or of h^^dixxyanic acid from resistant 
varieties either affect pathogenic fungi directly or else stimulate other 
micro-organisms, wdiich in turn may influence or control the activity 
of pathogenic fungi. 

That the nimiber of micro-organisms associated with plant roots 
changes with the aging of the plants has been demonstrated by 


< Talley, P. J. [t'npublished data.] 
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Starkey (22) and Mitchell, Hooton, and Clark (20), The last-named 
investigators noted also that in mechanically injured cotton plants 
the number of micro-organisms associated witli root surfaces increased 
greatly during the late summer or early fall. In a continuation of 
this work Clark (5) found a change in types of saprophytic fungi as 
well as increased difficulty of recovery of Phymatotriehum omnivorum 
after injury. In a paper on the take-all disease of cereals Garrett 
(IJf) pointed out that the interest in microbiological antagonism has 
not led to new control measures of practical value. However, the 
value of organic manures in stimulating the soil microflora, in helping 
to alter the microbial equilibrium, and in hastening the elimination 
of undesirable fungi from soil, presumably through microbial antago- 
nisms or competition, h as been emphasized (6*, 16 ) ; and changes in root- 
surface microfloras with changes in the soil inicroflora in response to 
the addition of soil amendments have been discussed (6‘). An appre- 
ciation of the significance of interactions between organisms may 
frequently be essential to the interpretation of experimeiital j*esults 
and tliereby serve to orient root-disease investigations. 

MATERIAL AND METHODS 
INOCULATIONS 

Foi- a study of the differences or changes in the susceptibility of 
plants to injury by Phymatotrichum ornnmmm , an ideal inoculum 
is one that introduces the organism into each substrate uniformly 
as to (juantity, activity, virulence, and amount of rc^serve food 
material. In the past, sclerotia, wliich are variable in size and ac- 
tivity, and pieces of infected root or other plant material, which are 
variable in nutrient reserve and in age of fungus, have been used as 
inoculum in a variety of ways. Tliese past procedures did not seem 
to meet the requirements of the jiresent investigation, and a new 
method was accordingly devis('d. By the procedure here di^scribed, a 
like number of milo (Soryhmn indgare Pers.) seeds infected witli tln^ 
fungus were introduced into the soil substrates at measured depths. 
The underlying purpose of this procedure was to mak(^ the number 
of days from inoculation to jiermanent wilting a reliable measure of 
the rate of upward growth of the fungus on the roots of the plant as 
well as of the ability of the fungus to invade and destroy. 

The inoculum to be us(ul was prepared by placing a layer of large 
milo seeds (previously autoclaved for L5 minutes with an exiual weight 
of water) on well-established nutrient-agar plates of Phymatotrichum 
omnivorum. After an incubation period of 0 to 10 days at 28° C., 
the fungus was always well established in the seed, and tliere still 
remained within the sei'd a rosorvo of food for the subsequent develop- 
ment of mycelium. 

In inoculating cotton plants growing in potted soils, three infected 
seeds were separated from the plate and dropped to the bottom of 
each of two holes made in the soil with a smooth, blunt rod. These 
holes were 8 to 16 cm. in depth, according to the age of the plants, 
and were placed 3 cm. on either side of the taproot. They were 
filled in with loose soil, and water was added to the soil surface. The 
sterile cultures were inoculated in a transfer room by pushing, with 
a sterile glass rod, three seeds through the glass watering tubes into 
the substrate. Importance was attached to uniform procedures 
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within each experiment, but the several experiments cannot be closc^ly 
compared because of temperature and other difl‘erences affecting fun- 
gus activity. 

CHEMICAL ANALYSES 

The plant samples were preserved and the sugars extracted with 
liot 80-percent alcohol. Lead acetate and sodium oxalate were used 
in clarifying and deleading tlie solutions. The analyses for total 
sugars were made on solutions that had been inverted with hydro- 
chloric acid for 24 hours at room temperature. Starch was determined 
by treating for 1 hour, boiling, and re-treating the residues, after 
sugar extraction, with diastase ^ at 55° C. until the material gave no 
color with iodine'* solution. The residues from the starch hydrolysis 
were then refluxed with 2-percent hydrochloric acid for 2.5 hours, and 
the sugars obtained were reported as hemicelluloses. When starch 
was not determined, the i-esidues from the alcoholic extraction were 
hydrolyzed with 2-perc(Uit hydrochloric acid, and the results W(U*e 
expressed as polysaccharides, the latter being equivalent to the sum 
of starch and hemicelluloses as d(d(irmined s<\parately in tlie other 
procedure. 

The sugar analyses on plants grown in the greenhousf^s were con- 
ducted according to the method of Wildman and Hansen (^5), except 
that potassium permanganate oxidizing solution and ortliophenanthro- 
line indicator were used in the titration. For tlie field samph^s, thi^ 
cuprous titration method of Schaffer and Hartmann was employed. 

STERILE CULTURES 

Those who have attempted to grovr plants on sterile sul>st rat es are 
familiar with the many difRculties involved. In the present under- 
taking it was necessary to select a substrate other than (‘oarse sand 
because cotton plants giowing in nonstc'rile sand succumb slowly 
and irregularly to root rot after inoculation. 

The wilting of plants provides a good criteiion of root destruction, 
and it was theriffore regarded as desirable, if not essential, that the 
tops of the plants should be freely exposed to the greenhouses atmos- 
phere; this rcapiired provision for frequent additions of sterile^ water. 
The sterile-culture procedure finally developed represents a composite 
of points of technique derived from the literatui’t* and new adaptations 
regarded as advantageous to this particular study. 

A sand-bentonite mixture was extensively employed as the substrate 
for the plants, but in the early phases of the study soil was also used 
as a substrate. A good growth of plants was obt ained aft er riqieatedly 
washing soils in the autoclave, drying, and then twice dry-autoclaving 
the culture jars after they were filled, but the percentage of sterile 
cultures by this procedure was always low. The sand-bentonite 
mixture consisted of 80 percent of 20- to 40-mesh quartz sand, 15 per- 
cent of pulverized quartz sand, and 5 percent of bentonite. To reduce 
alkalinity, the ground quartz sand was treated with acid and washed. 
Iron was supplied by mixing 0.3 percent of magnetite with the sub- 
strate material, and Hoagland's nutrient solution was added to the 
substrate before it was autoclaved. The hydrogen-ion concentration 
of the substrate was usually within the pH range 7.0 to 7.6. 

Two-quart mason jars wei-e used for vessels in all sterile-culture 
tests (see fig. 5). Each of the jars was fitted with an 8-mm. glass 

« Undiluted diastase with low sugar content furnished by courtesy of Parke, Davis Co 
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lube ilirougli wliich the plants were watered, inoculated, and sanijiled 
for sterility. The lower end of the tube extended about 6 cm. beneath 
the surface of the substrate through a glass sleeve (2 cm. in diameter 
l)y 6 cm. long) filled with coars(' sand tnat serv(*d both for anchorage 
and for the distribution of waU'r. The c(*ntral jiortion of the' watering 
tube was wr'apped with cotton and tied inside the ncH'k of the culture 
jar. The upper end of the tube, which (‘xtended well above the 
culture jar, was covered with a glass cap on a cotton shoulder. This 
(*ap was removed only in a transfer room. Cotton shoulders were 
tied around the outside of the neck of the culture jars and fitted with 
fiOO-ml. beakers with kraft-paper aprons. Theses beakers remained 
in place during autoclaving and aftcu' planting until the plant stems 
extended well above the tops of the jars. 

Maize seeds and acid-delinted Stoneville 2“B cotton seeds wen* 
sui face-st(‘rilized in 6-gm. lots in 5()-ml. Erhuimeyer flasks by covei‘ing 
them with 0.2-percent mercuric chloride in 50-percent alcohol and 
shaking vigornusly for 2 minutes. This solution was then decanted 
off, and th<^ seinls wert' waslual three times with sterih^ water. After 
Ixdng washed, the seeds were* (‘oveied a fourth tim(‘ with sterile water 
and allowed to swell for 18 hours. The water was then decanted, 
and th(‘ seeds W(a*e ti'anshared to potato-dextrose agar in P('tri dishes 
for 40 hours. Uniformly germinat(‘d seeds from clean plates were 
s(\lected for planting, and those with either shorter or longer hypo- 
(‘otyls were left on th(‘ plates for a further check on st(‘rility. With 
this method, contaminations in the agai’ plates werc^ rare and none of 
the germinated secals from clean plates developed organisms when 
transferred to b(‘ef-extract |)eptone solution. Tlu^ germinated sterile 
seeds were placed in dt»pi*('ssions in the surface of the cultures and cov- 
(‘red with the substrate', Th<‘ control cultures weie always treated 
and planti'd in the same maniu;r as the sterile cultures, except that 
a small quantity of fresh soil was mixed in to reinoculate them after 
autoclaving ami tht‘ beaki'rs and cotton and paper covers W('re omitted 
to avoid seedling urfections (damping-off and molds). 

When the tops of th(‘ fdants were well above the shoulders of the 
jars, the beakers were removed in a transfer room and sterile cotton 
pads were pressed firmly into place in the necks of the jars around 
tlu' plant stems. The cotton shoulders that supported the beakers 
W(‘re removed at this time, and two sheets of ligJit paper were then 
tital over the cotton pads. A second thinjlayer of cotton was placed 
above the paper, and over this a second paper covering. All these 
coverings were carefully fitted around the plant stems. Tlit', cultures 
were then weiglual, to provide a basis for subsequent watering, and 
placed in the greenhouse in constant-temperature baths set at 28^ C. 

Much difficulty was encounttu'ed at first in maintaining sterile 
substrates with the tops of the plants freely exposed, but in the later 
experiments half or more of the cultures usually remained sterile for 
sufficiently long periods. It was customary to take samples of the 
substrate for plating at the time of planting and inoculation and sub- 
sequently at the times of watering. The latter samples were collected 
through the watering tubes by means of sterile glass tubes fitted with 
glass plungers. The increase in number of contaminated cultures 
with time may have represented contaminants introduced either by 
watering and sampling operations or by the infiltration of orj^anisms 
along the plant stems. 
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CARBOHYDRATE LEVELS AND ROOT ROT 

GREENHOUSE EXPERIMENTS 
Cotton Plants of Fruitinci Age 

111 two explanatory greenhouse experiments, plants of Rogers 
Acala cotton {Gossypium hirsutum,) were grown in stone jars filled 
with 3 parts of Houston Black clay and 1 pai t each of Lufkin fine 



I* 10 u RE 1 .- ( ottoii plants of the first greenhouse expeiiment 
inoculation: A, Fruited plants with half of each leaf cut a\ 
control plants; C, plants with all branches and bolls removed 


16 days aftei 
away; B, fruited 


sandy loam, river sand, and well-decomposed manure. The pots 
were_ weighed several times each week as a watering guide to avoid 
any important differences in the moisture content of the soil. 

In experiment 1 there were three treatments (fig. 1), each with 
one plant in each of seven 2-gallon jars, as follows: A, Fruited plants 
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with half of each leaf cut away; B, fruited control plants; C, plants 
with all branches and bolls removed. The results of experiment 1 are 
shown in the following tabulation: 


^ , Average period {days) from 

I roatmeiit; ^ inoculation to wilting'^ 

A. Half leaf 12. 7 

B. Control 13. 4 

C. Branches and bolls removed 19. 4 


' Planlod 8opt. 20; treatments start<‘(l Dec. 17; inoculated Jan. 18 at depth of 15 cm, 
^ Difference recjuired for siRiiificance at l-iHTcrent level, 5.8 days. 


In experiment 2 tlu're were two treatments, each with one plant in 
each of eighteen 1-gallon jars. Five days after inoculation, three jars 
from each treatment were selected at random for analyses of the root 
bark. The treatments were as follows: A, Fruited plants with twn- 
thirds of each leaf cut away (starting 10 days before inoculation); B, 
plants with all branches and bolls removed (starting 10 days before 
inoculation) and given supplementary illumination of about 400 foot- 
(‘andles (measured at the elevation of the upper leaves) for 4 hours 
in the (*arly morning and 4 hours in the late afternoon. The results 
of experiment 2 are shown in table 1. 

'Fakle 1 . — Effect of treatnicHU on carbohydrate concentrations in the root bark and 
on resistance of cotton plants to phymatotrichnrn root rot; experiment 2 


friautcd Oct. 3; treatments started Jan. 31; inoculated Fob. 11 at depth of 12 cm.] 


Troatment 

Root-bark carbohydrates > 

1 Average 
time from 
inocula- 
tion to 
wilting 

Total ' 
sugars ! 

1 Polysac- 
eharitles 

1 

Total j 

1 

A. IMarit.s with oiu‘-third of loaf area 

H. riants with maiiKstalk lcave.s only... 

Percent 

1.48 

2.41 

Percent 

3. 75 
11.31 

Percent 

5. 23 
13. 72 

Days 

17.1 

(2) 


^ These samples wore takou 5 day.s after inoculation and at that time there wore few lesions on the roots. 
I’erccntagos expressed on fresh-weiKht l)a.sis. 

All [dants wore alive on the 50th day. 


The results of experiments 1 and 2 w ere alike in indicating that high- 
carbohydrate cotton plants are more resistant to root rot than low- 
carhohydrate plants. The differences in the carbohydrate levels in 
the root bark were probably moi-e marked in experiment 2 than in 
e.xptvriment 1 because of greater increases in carbohydrates after 
sampling due to extra illumination of the B plants in experiment 2 and 
to the smaller quantity of nitrogen supplied after inoculation. 

All the high-carboliydiate plants of experiment 2 were alive 50 
days after inoculation, but when the roots were removed from the 
soil it wiis found that all had been actively infected (fig. 2) at some 
earlier stage of the test. The progress of the disease under treatment 
B had evidently been slow^ from the start and eventually w^as checked, 
as indicated by the marked overgrowth of the bark above the rotted 
portions of the roots. This overgrowth was not unlike that wdiich 
appears above stem girdles, and it is reasonable to believe that the 
final checking of the disease was associated wdth carbohydrate con- 
centrations in excess of the 13.72 percent found 5 days after inocula- 
tion; a further accumulation of carbohydrates logically would follow^ 
the destruction of the lower root system. 
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A tiiird experiment was projected for the twofold purpose (1) of 
providing four carbohydrate levels and thereby aiding a differentiation 
between jiiiy effects on root rot resistance tliat might be associated 


m 


^ \ 


‘W- 




m 


1^: 


i'i 


\1 




riGURE 2. Hoots from the high-carbohydrate cotton plants of the second 
fJowth’of rooY’S®"* checking of the disease and over- 

with the mutilations or nitrogen accumulation, as distinct from the 

providing material for microbial 
assays and thereby the determination of possible relations between 
carbohydrate levels and equilibria of the root-surface saprophytes. 
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The four treatments were as follows: A, Fruited plants, normal nitro- 
gen; B, fruited plants, low nitrogen; C, mutilated plants (all branches, 
bolls, and terminal buds removed), normal nitrogen; D, mutilated 
plants (all branches, bolls, and terminal buds removed), low nitrogen. 

The seeds (Stone villo 2-B) were planted in 3-gallon jars containing 
1 part Houston Black clay, 2 of Lufkin fine sandy loam, and 1 of 
sand. An eq^ual amount of complete nutrient solution was added to 
all jai’s shortlv after the seeds were planted, and during their early 
growth the plants were green and vigorous. By the time the first 
bolls were formed, however, growth was being checked by nitrogen 
deficiency. When there were from 2 to 4 bolls per plant, the pots 



PERIOD FROM INOCULATION TO WILTING ( DAYS) 

Ficuke 3. — iSurvival of cotton plants with successively higher carbohydrate levels 
in their root bark. Nitrogen concentialions in the root bark are shown numer- 
ically at each point. 

were randomized into 4 groups of 17 each (except group D, 18 pots) 
and the differential treatments w^ere started by adding a complete 
nutrient solution to groups A and C (normal-nitrogen plants) and 
only potassium and phosphate to groups B and D (low^-nitrogen 
plants). All branches, bolls, and terminal buds were removed at 
this time from groups C and D (mutilated plants). 

Sixteen days after the differential treatments were started and just 
prior to inoculation, six representative plants were selected from each 
treatment to provide duplicate samples of three plants each for the 
chemical analyses and microbial assays. The roots of these plants 
were collected 5 days after the plants to be tested for susceptibility 
had been inoculated. One-half of each root-bark sample, taken longi- 
tudinally, was used for chemical analyses (table 2 and fig. 3) and the 
other half for microbial assays (see table 7). The root samples were 
collected at 7 a. m. 

682316—46 2 
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Table 2. — Effect of nitrogen supply and mutilations on carbohydrate and nitrogen 
concentrations in the root hark and on resistance of cotton plants to phyrnatotrichum 
root rot, experiment 3 

iriaotcd Oct. cUflfcrcntial Iroatments started Jau. (>; inoculated Jan. 22; sampled Jan. 27] 


1 

Treatment 

Hoot-bark oomposition • 

A verafTC 
r)erlod 
from inoc- 
ulation to 
wilting 

Total 

suftars 

Polysac- 

cbaridcs 

Total car- 
bohydrates 

Total 

nitroften 


Percent 

Percent 

Percent 

Percent 

Datjs 

A . Fruited; normal N 

1,24 

3.21 

4. 45 

0. 10 

10. 0 

B. Fruited; low N 

I.% 

3. 88 

A 84 

. 11 

12.4 

0 . Mutilated ; normal N . . a 

1.77 

6. 57 

8.34 

.47 

17.4 

D. Mutilated; low N 

2.23 

10. 82 

13.05 

. 10 

(2) 


’ Percentages expressed on fresh-weitiht basis. 

3 2 of the 12 plants died on the 21st and 22d day, respect ix’cly. The otliers ronmined alive. 


The relation found in experiment 3 between earbohydrat(^ accuinu- 
lation in the root bark and the rapidity of kill by the fungus w^as 
notably direct, the successively higher carbohydrate coiKTUitratiojis 
lieing paralleled by corresponding delays in plant death. Of tin? 12 
high-carbohydrate plants (treatment D) 10 remained alive. 

The 10 high-carbohydrate plants that remained alive w^ei’e subjected 
to some further experimentation. Forty-six days after inoculation, 
nitrogen was added to 5 of theae pots and tlie plants were allowed to 
produce new branches. Of the 5 plants 4 died of root rot within the 
next month (2 died in 8 days and 2 in 26 days) and 1 remaiiu'd alive. 
A root section of the surviving plant is shown in figure 4. Nitrogen 
was added to the remaining 5 pots 122 days after inoculation, and 
from tliat date on the plants wT‘re allowed to dewelop new Ijranches. 
None of these plants died, and 3 that WH're not pulh'd out for root 
examinations set and matured a crop of cotton on their n(‘w branches. 
This fact shows that th(‘ root rot fungus, given time, will eventually 
disappear from diseased cotton roots if the carbohydrate concentra- 
tions are maintained at a suffichvntly high lev(‘l. 

The results of the experiment (table 2 and fig. 3) indicate that 
difl’erences in nitrogen supply and in growtli habit affected the sus- 
ceptibility of these cotton plants to root rot only as tliey affected the 
carbohydrate levels in the roots. The most 8uscc‘ptible plants (group 
A) and the most resistant ones (group D) had equal total nitrogen 
concentrations, whereas the plants of intermediate susceptibility 
(groups B and C) had the lowest and highest nitrogen levels, 0.11 
and 0.47 percent, respectively. Moreover, there was no apparent 
break in the continuity of the carbohydrate root rot curve (fig. 3) 
in passing from nonmutilated to mutilated plants. In other words, 
a smooth curve was obtained through the first three treatments irre- 
spective of the means (nitrogen or mutilation) adopted for varying 
the carbohydrate levels. 

Under other conditions Streets (^3), by using heavy applications of 
nitrogen, was able to invigorate trees infected with Phyrnatotrichum 
omnivorum^ and Adams et ah (!) found reductions in root rot on some, 
but not all, soils when nitrogen was applied with a drill a few inches 
from the cotton seed at time of planting. The mechanism of the 
protective action of nitrogen sometimes observed in the field is not 
known. 




PicaiKK 4.™ The t wo halves of a root of a hig]i-carl>ohydrat.e cotton plant of 
experiment 3 that recovered from root rot.. There was no evidence that living 
Phymatotrichum oinnivoruni was present when this plant was removed from the 
soil 1 13 days after inoculation and 67 days after nitrogen was added and branches 
were allowed to develop. Note destruction of taproot by root rot, callusing of 
the root stump, and development of two strong lateral roots that s\ipported 
the plant, 
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The effects of the treatments on the microbial assays of the root- 
surface saprophytes are reported in a later section of this paper 
(p. 153), 

Young Cotton Plants 

The nature of the resistance mechanism of young cotton plants to 
phymatotrichum root rot has been the object of speculation for many 
years. The experiment reported in this section is one of a number in 
which the carbohydrate levels of young cotton plants were altered for 
the purpose of determining whether any relation exists between this 
factor and susceptibility to root rot. 

A difference iq the carbohydrate levels between two groups of 
young plants was effected by the use of (1) Mazda lamps to supple- 
ment the midwinter illumination in the greenhouse by about- 2,000 
foot-candles (at the tops of the plants) over a 14-hour daily period and 
(2) a cheesecloth shade to reduce the normal greenhoust^ illumination 
to about one-third. Between bright and overcast days and ])etween 
the hours of the day there was an unavoidabki wid(‘ range in light 
intensity. 

Stoneville 2~B cotton w as planted on November 1 8 in 2-quart mason 
jars containing a mixture of Houston Black clay and Lufkin finc^ sandy 
loam and 300 ml. of Hoagland^s solution w^as added to each jar. 
The plants were taken to the greenhouse^ on Deceml)er 1 and placed in 
a water bath at 28° C. Supplementary illumination w^as supplied to 
all until December 20, when the differential lighting was started. One 
of the two plants was removed from each jar on January 1 for carbo- 
hydrate and nitrogen analyses. On the same date each culture^ was 
inoculated wuth Phymatotrichum omnivorum by placing thr(‘e inf(>cte(l 
milo seeds at the bottom of a hole 5 cm. deep and 3.0 cm. away from 
the plant stem. The analytical data reported in tabl(‘ 3 are the means 
of three samples of five or six plants each. The analyses are reported 
as percentages of the fresh weight of entire plants. 

In this experiment (table 3), a twofold difference in the carl)ohy- 
drate concentrations of entire 44-day-old plants was without effect 
on the percentage of plants dying or on the time of death. In similar 
experiments witli yet younger cotton plants, the percentages of plants 
dying under the two treatments were lower and, as in tins experiment , 
there was no indication that carbohydrate levels affected the incidence 
of the disease. Direct comparisons betw^HUi the carbohydrate con- 
centrations found in the entire plants of this experiment and in tlie 
root bark of the fruiting-age plants of the preceding expcuiinents avo 
not possible, because of the difference in tlie plant fractions repre- 
sented; but, as previously noted, carbohydrate levels tend to be low 
in young cotton plants. The results of the experiment are regarded 
as noteworthy in that not all the plants were killed and that the 
carbohydrate levels exerted no apparent effect upon resistance. 

It has been observed by others that cotton (SS, S3) and corn {34) 
seedlings germinated in vitro on agar are attacked by Phymatotrichum, 
omnivorum j and the use of substrates rich in carbohydrates has been 
reported (^, 32 , 35, 34) to increase infection. The resistance of young 
cotton plants has been attributed to their low carbohydrate concen- 
trations {2), The data reported in table 3 fail to disclose any effect 
upon resistance of changes in carbohydrate levels within young cotton 
plants. Cotton seedlings germinated on nutrient agar and heavily 
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overrun by mycelium, with the formation of extensive lesions, have 
been found by the writers to recover and develop normally when 
transferred to greenhouse soils. 

Table 3 . — Effect of carbohydrate levels on the incidence of phynialotriclvum root 
rot in cotton plants 44 days old when inoculated 

[Per cell tHges Imsed on fresh weight of entire plants] 


1 

Treat riient 

Carbohydrates 

Nitrogen 

1 ' 

Suscei)tibility to root rot 

Total 

sugars 

Poly.sac- 

eharides 

Total 

Plants 

surviving 

Plants 

dying 

Average 
period from 
inoculation 
to w'ilting 

Khadcfl - 1 

Percent 

0. 12 
.78 

Percent 

1.40 

2.32 

1 

Percent 
1.58 
3. 10 

J*ervent 
' 0.29 

' . 35 1 

i 

Number 

4 

3 

1 

Number 
12 i 
15 1 

1 

Days 

12,1 

12.2 

Ivightcd 

i 


The possibility that tlie i-esistance of cotton set'dlings might be due 
to an inhil)iting substance resulting from photosynthetic activity 
was considtTed but was discarded on the' basis of observations that 
followed the inoculation of agar substrates supporting sterile cotton 
s(‘ed lings grown in Erh^meyer flasks (1) exposed to greenhouse light 
(supplement(‘(l by Mazda lamps) and (2) kept in the dark. The 
expos(‘d and dark-chaml>er flasks rested on trays in tlie same constant- 
temperature bath. The rate of destruction of the seedling tissues by 
the fungus was relatively slow and essentially equal regardless of 
wlndher tlie plants wei'e exposed to greenlious(‘ light or confined in 
the dark chamber. This fact is regarded as showing that resistam e 
was not increased by photosynthetic activity. The supporting nutri- 
ent-agar substrates t‘mploy(‘d in tli(‘ fongoing ex|)eriment were mad(^ 
up both with and without calcium, but the calcium was likewis(' 
without effect on (he severity of the attack. 

FIELD EXPERIMENTS 

H ELATION OF lioOT SPKFAD TO UoO'l’ PoT 

An important distinction exists between tin* development of 
phymatot richuin root, rot in potted soils, w liere each plant is inoculated 
by sonu‘ standard procedure, and the sjirc'ad of the disease from 
natural infection centers in the field. In tlie field, the fungus is 
carried over in resting or a(*tiv(‘ stages from tlu' preceding year and 
its initial atta(‘k on scattered plants results from the meeting of roots 
and fungus somewdiere in the soil mass. Tlie enlargement of root 
rot spots has been described so often that it requires no elaboration 
here, except for one fairly obvious point. If it is granted that root 
rot, after attacking primary plants, spreads to surrounding plants 
principally by the growth of the fungus along roots and from the 
roots of one plant to those of neighboring plants, then the abundance, 
distribution, and overlapping of roots are significant factors in the 
spread of the disease. The following experiment is believed to illus- 
trate the bearing of root spread upon the spread of root rot. 

Three rows oi cotton plants were selected in 1941 in a field that 
had a high root rot mortality during the previous year. When the 
plants were about 18 inches tall, row 2 was thinned to a spacing of 
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about 2 feet, which left 122 plants in this row; rows I and 3, containing 
respectively 413 and 438 plants, were not disturbed. On September 
15 the percentages of dead cotton in rows 1, 2, and 3 were 68, 33, and 
64, respectively. The reduced mortality of the plants in row 2 is 
believed to have resulted from the reduction in the overlapping and 
intermingling of the roots of the plants in this row. The thinning of 
row 2 was performed after the plants were in an advanced floral-bud 
stage, and the subsequent plant and root development did not com- 
pensate for the plants removed. The foregoing situation is in contrast 
to that existing in spacing experiments in which thinning is carried 
out in the seedling stage and by midsummer the entire soil space is 
extensively occupied by roots. In the latter type of experiment, 
spacing has been found to have little effect on either root rot or yield. 

For several reasons it is more difficult to evaluate differences in 
plant resistance in fi(4d experiments than in pot experiments. In 
the field, values for the period from natural inoculation to wilting 
are not ascertainable; treatments that affect resistance may also 
affect spread of th(» roots and thereby the mov(‘ment of the fungus 
from plant to plant. Furthermore, the reduction in population by 
deaths reduces the cliance for a like number of new deaths during a 
succeeding week. In th(‘ fi(‘ld, root rot characteristically appears as 
islands of dead plants, and the chances of infection of all plants undeu* 
a treatment are not the same. 

The correlation b(‘tweeii (‘arbohydrate levels and resistance to root 
rot as developed in tlie greeiihous(‘. expc^rinunits was subjected to 
further test und(H' field conditions by mutilation and (‘ultural-practice 
t('sts conduct(Ml in 1941 near Bnmham, Tex., on Houston Bla(*k clay. 

MlTTTLATlON OF CoTTON Pl.\NTS 

Three plant treatments were employed in the field mutilation 
experiment as follows: A, Fruited plants with one-half of each leaf cut 
away; B, normal control plants; C, main-stalk plants (all branches and 
bolls removed). The plants were grown (1) on land where a high 
percentage of root rot had occurred during the preceding year and 
(2) on land of the same soil type one-quarter of a mile distant where 
no root rot had occun-ed. The latter plants provided material for the 
chemical analyses reported in table 4, Both of these experimental 
plantings were laid out in blocks (15 on the root rot land and 20 on the 
root-rot-free land) of 15 plants each. Within each block, 5 consecutive 
plants were taken for each of treatments A, B, and C, the position of 
these treatments being randomized within the blocks. Stoneville 
2-B cotton was planted on May 6 and when about 1 foot tall was 
tliinned to plants about 15 inches apart. The mutilation treatments 
were started on June 27 and repeated on the same plants once each 
week thereafter. The first flowers opened during the week ending 
July 11, and the first deaths from root rot occurred during the week 
ending July 18. 

In the plots on root rot land, cutting away half of each leaf reduced 
the average number of bolls (not counting those less than 5 days old) 
on the longest fruiting branch from 1.43 to 0.67, shortened the average 
length of this branch from 27.6 to 20.9 cm., reduced the average plant 
height from 67 to 60 cm., and, as indicated by weight of pulTea tap- 
roots in the replicate experiment (table 4), substantially reduced 



Feb. 15. i94(j Phy7iiatotriGlium Root Rot in Cotton and Maize 


151 


root developm(3nt. Reducing leaf area (table 4) had little, if any, 
effect on the carbohydrate levels in the root bark as determined in 
duplicate 20-plant samples collected about 1 hour after sunrise on 
two dates. The fact that the half-leaf treatment markedly retarded 
plant development and boll setting implies that it also substantially 
reduced photosynthesis, but a reduction in carbohydrates was not 
reflected in the early-morning samples. 

Table 4. — Effect of mutilation treatments upon the carbohydrate and nitrogen 
concentrations in root hark and upon root development in cotton plants 

[Pr'rwn tapes expressed on a fresh- weight nasis] 





Koot-bark carbohydrates 


I'otal 

nitro. 

B<‘n 

Relative 

"J'realniont 

Collec- 
tion date 

Total 

.sugars 

Starch 

ITcmi 

cellulose. 

'I'otal 

A V('rage 
for both 
dales 

weight of 
pulled 
taproots 

A. Half leaf _ 

B. Control 

(\ Main stalk 

1 

/July 31 

It Aug. H 
/July 31 
lAug. 14 
/July 3l 
lAug. 14 

Percent 
2.27 , 
1.68 
2.:iH 
1.87 
2.64 
2.27 

Percent 

0. 7.') 

.65 

2.64 

1.40 

Peremt 

2. 66 
3. 10 
2. 08 

2. 83 

2. 85 

2. 84 

Percent 
h. 08 
h. 41 

6. 13 

5. 35 
7.5:1 

6. 51 

! Percent 
[ 5. 70 

j 5. 74 

J 7. 02 

Percent 
f 0.14 
\ .15 

f .13 

1 .14 

/ .21 

1 .21 

0. 82 
.78 
1.00 
1.00 
1.12 
! 1.40 


Limiting plant development to the main stalk (l)ranches and bolls 
removed, table 4) increased the average plant lieight from 67 to 108 
cm., resulted in enlarged and thif^kened leaves, and accentuated root 
development (compare 8). It also substantially increased the con- 
(•entration of total sugars and more than ‘doul)led the concentration 
of starch in the root bark. 

The onset of disease was somewhat moi*e rapid in the control plots 
(table 5) than in either the half-leaf or main-stalk plots, and this 
trend was continued to the end of the season. The average of the 
percentages of remaining live j)lants that died each week was also 
somewliat higher in the control plots than in the half-leaf or the 
main-stalk plots. 

Table 5.- Effect of mutilation treatments upon the occurrence of root rot in cotton 
plants under field conditions 


ri'hc mutilation ircatmonts wore .started June 27 and repeated once each week tln'ieafler] 


Dali' of count 

Plants found dead uudcT indicated 
treatment 

Half leaf 

Control 

Main stalk 

July 18 . . . . 

July 25 . _ 

Percent 

1 

3 

0 

12 

31 

48 

49 
56 
60 

Percent 

1 

8 

17 

21 

30 

52 

60 

68 

73 

Percent 

0 

3 

5 

11 

31 

36 

45 

C6 

CO 

Aug. 1 _ , ^ , 

Aug. 8 .. 

Aug. 15 . _ 

Aug. 22. 

Aug. 29. 

Sapt.S.. . . . i 

Sept. 12 ..,.. , 

Deaths weekly, average I. . . .. 

0.3 

13.3 

0,4 

1 



‘ Percentage of remaining live plants dying each week. 
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Differences in carbohydrate levels between the half-leaf and control 
plants having been negligible, the only explanation of the apparent 
resistance of the half-leaf plants that has seemed reasonable to the 
writers is one that concerns the root-spread factor. All plants in 
each treatment of this experiment were in a single row, and it is 
possible that the restricted root development of the half-leaf plants 
retarded the spread of root rot to and among them from plants in the 
same or in the adjacent untreated rows. 

The main-stalk plants had higher carbohydrate concentrations than 
the control plants, and the indication of retarded development of root 
rot among these plants is in keeping with the findings on the effects 
of high carbohydraf.e levels in the pot experiments. The main-stalk 
plants had more extensive roots than the control plants, but if these 
roots tended to increase the spread of root rot it seems evident that 
this effect was more than offset by the carbohydrate effect. 

Various Cultural Practices 

A cultural-practice experiment was conducted in the 2 fields that 
were used for the mutilation experiment. In this factorial-design ex- 
periment (4 factors each at 2 levels) the treatments were as follows: 
(1) 2 plants in hills 14 inches apart versus 2 plants in hills 28 inches 
apart, (2) plus and minus dusting for the t'ontrol of boll insects, (3) 
plus and minus fertilization (100 pounds nitrogen ])er acre), and (4) 
plus and minus fall plowing. There were thus 16 treatment combi- 
nations. The experiment was replicated in 4 blocks, with each indi- 
vidual plus and minus treatment applied to a total of 32 plots on the 
root rot land; but on the root-rot-free land, from which the samples 
were drawn in duiilicate for the chemical analyses, there was only a 
single block of the 16 treatment combinations. 

Spacing, dusting, and nitrogen fertilization did not result in sta- 
tistically significant differences in the percentages of plants killed by 
root rot, but fall plowing reduced root rot significantly. An average 
of 25.3 percent of the plants were killed by root rot in the fall-plowed 
plots, whereas 39.0 percent of the plants were killed in the plots with- 
out fall plowing. Notwithstanding the lack of significant effects upon 
root rot by the spacing, dusting, and nitrogen-fertilization treatments, 
the changes in root rot resulting from these treatments were found to 
be correlated with the changes in the sugar concentration of the 
plants as measured on the root-rot-free land. Fall plowing, which 
had a large effect on root rot, had no effect upon the carbohydrate 
concentration. The correlations between total sugars and root rot 
in both the fall-plowed and non-fall-plowed blocks (considered sepa- 
rately) were in general higher than those between total carbohydrates 
and root rot. The correlations found between total sugars and root 
rot are shown in table 6. 

The results obtained from this field experiment are consistent with 
the carbohydrate root rot relations found in the field-mutilation and 
in the greenliouse experiments. The negative correlation coefficients 
show that the percentages of dead plants decreased as the carbohydrate 
concentrations increased. 
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Table 6.^ — Correlation between total sugars and percentages of cotton plants dying 
from phymatotrichum root rot in a factorial experiment 


Dates of ob.servation of indicated correlated iterms 

r' obtained for plots— 

Total sugars 

I‘ercentage of plants killed 

Fall-plowed 

Not fall- 
plowed 

July 31 

As of Aug. 8 . _ 

- 0.46 ^ 

-0. a 

July 31 and Aug. 15 . 

As of Aug. 15 _ . _ . . . - 

-.71 i 


Aug. 14 - — 

Between Aug. 15 and 22 . _ . 

43 

~.f\i 


' r required for significance, —0.50 at 5-percent level and —0,71 at l-percent level. 

ROOT-SURFACE MICROFLORAS AND CARBOHYDRATE LEVELS « 

Although conceivably a changed root-bark composition might so 
affect plant resistance as to be directly responsible for the increased 
survival periods noted during the course of the foregoing experiments, 
it is also possible that changes in root-bark carbohydrate concentra- 
tions might affect the numbers or types of micro-organisms associated 
with root surfaces and so allow the operation of antibiotic factors. 
It has not been shown heretofore that differences in plant carbohydrate 
hovels, such as those here found, produce changes in root-surface 
microfloras. Half portions of the root bark collected January 27 from 
plants in greenhouse experiment 3 were subjected to microbiologic 
examination. 

Total numbers of bacteria were enumerated by plate-count procedure 
on sodium albuminate agar. Bacterial populations (expressed per 
gram of root-bark material on a moist-w^ught basis) are shown in 
table 7. The reduction in total bacterial numbers between the 
fruited cotton plants (A and B) and the plants without bolls (C and D) 
were highly significant. 

Table 7. — Bacterial numbers associated with roots of cotton plants 21 days after 
differential treat ments {experiment S) were established 



'Potal 

Total 

nitrogen 

1 

1 

Blue-green 

1 Si>ores of 

'rreatment 

car bo- 

fluoreseenl 

1 aerobic 


hydrates 

1 

bacteria 

BacUlxissp[\ 


Percent 

Percent 

Nu mber > 

Number > 

A . Fruited ; normal N ! 

4. 45 

0. 19 

166 

1,924 

B. Fruited; low N _ 

5.84 ' 

. 11 

222 

1,814 

C. Mutilated; normal N 

8.34 i 

.47 

204 

1,389 

D. Mutilated; low N 

13.05 

.19 

901 

1.472 


Total 

bacteria 


Number ‘ 
926,680 
733, 5«> 
291, 595 
384, 485 


* Expressed as thousands per gram of moist root-bark n.aterial; eiuh retordt d is the average of 
determinations on 2 samples. 


To determine whether treatment that affected carbohydrate levels 
resulted in differences in types of bacteria present, two subgroups of 
bacteria, namely, the blue-green fluorescent Pseudomonas-Phytomonas 
and the aerobic Bacillus spp., were enumerated. The fluorescent 
group, known to be relatively more prevalent on roots than in soil, 
was determined, by a serial dilution tube method, on a glycerol- 
asparagine medium (4). Spores of the aerobic Bacillus spp., rela- 
tively less prevalent on roots than in soil, were determined on nutrient 
beef agar after pasteurization of root-bark material in dilute aqueous 
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suspensions at 85° C. for 15 minutes. Data for these subgroups 
are shown in table 7. In general, the number of Bacillus spores dif- 
fered with treatments in much the same manner as did the total 
bacterial number. Fluorescent bacteria, on the contrary, were least 
numerous with the lowest carbohydrate content and most numerous 
with the highest. It would appear, therefore, that both the total 
bacterial number and the relative prevalence of at least some bacterial 
subgroups are influenced by the physiological status of the plant. 

Some relations between total numbers of bacteria associated 
with roots and plant susceptibility to root-rotting parasites have 
been noted previously by others. Working with tobacco plants, 
Thom and Humfeld {28) noted that varieties susceptible to tobacco 
root rot showed higher root-surface micropopulations than did 
nonsusceptible varieties. Similarly, Timonin (,^.9) and Lochhead (19) 
have found higher numbers of bacteria in the rhizospheres of flax and 
t.oba(‘co vari(di('s susceptible to root rots than in those of rot-resistant 
varieties. As their results were demonstrated with uninfected plants, 
Lociihead belic'ved the differences observed were du(‘- to inherent 
differences in physiological function, making, in the case of susceptible 
plants, conditions somewhat more favorable for general bacterial 
development. Results of tlui work here j‘(‘ported suggest that it is 
possible to produce, within a single variety of cotton, differences in 
l)actcrial numbers and root rot susceptibility somewhat analogous to 
those that exist between different varieti(‘s of flax and toba(‘(‘ 0 . 

Whether the rediudion in the total number of bacteria and the 
possible selective en(‘Ouragement of particular bacterial subgroups 
following differential trcuitments are responsible for deci’cased root 
rot susceptibility is not answered; howc^ver, tlu' fact that the micro- 
l)ial equilibrium is disturbed doc^s suggc'st that different microbial 
inteiTelations or antibiotic plumonKMia were involved. 

ROOT-SURFACE MICROFLORAS AND ROOT ROT RESISTANCE 

COTTON AND MAIZE IN STEKILK CULTURES 

If the micro-organisms that populat(‘ th(‘ root surfaces of any 
plant provide piotection against a root pathogen, that fact should 
be most clearly shown by growing the plant on a substrate in which 
the pathogen is tlu^ only micro-organism present. Besides the possi- 
bility that certain members of the saprophytic population may 
actually aid parasitism, the roots of plants growing in sterile cultures 
should be more quickly or more severely attacked than those of 
control plants with a normal complement of root saprophytes. 

As a means of testing the idea that antibiotic, activity of root- 
surface micro-organisms might be involved in the resistance of 
certain plants to phymatotrichurn root rot, cotton and maize were 
grown on sterile sand -bentonite substrates. (See p. 140.) Young 
cotton plants have long been observed to be comparatively resistant 
to root rot under field conditions, and the immunity of corn was 
mentioned by Pammel (21) as early as 1888. .Taubenhaus and 
Ezekiel (25), in a study of the resistance of monocotyledons to 
Phymatotrichurn omnivorum^ were unable to obtain ^ny evidence of 
infection of corn interplanted with cotton that died following soil 
inoculations. 
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The results of all the experiments with the young cotton plants 
(Stoneville 2-B) were of the same general pattern, whether the sub- 
strates were inoculated at the time of plantir^ or after the plants had 
been in the greenhouse for several wrecks. The percentage of plants 
killed by root rot was always relatively low (ranging from 10 to 30 
percent) in both sterile and control cultures. In some experiments a 
slight advantage seemed to lie with the control cultures and in others 
with the sterile cultures, but in no experiment was there substantial 
evidence of significant differences between the two treatments, either 
in the percentage of plants dying or in the number of days from 
inoculation to wilting. All the experiments indicated that any 
protection afforded by the root-surface saprophytes of young cotton 



Fifujaii 5.- -Af Healthy luaizt^ piaiitn Kiowiiig in non, sterile control cultures, 
/i, Dying plantM in initially sterile cultures following inociilation with Phyma- 
totricJium anrnivorum; many infected roots were observed along the wuills of 
the culture vessels. 

plants was secondary to chemical or other resistance factoj*s. That 
the culture methods, the substrate, and the viability and infectivity 
of the inoculum employed in the investigation were suitable for ciitical 
tests is shown by the results of the experiments wnth maize. 

Two experiments were conducted wnth maize plants. An Fj hybrid 
(Kansas Sunflower X Kansas Yellovr Saline) w^as used in the first 
experiment and Yellow Surcropper in the second. The procedures 
followed in both of these tests were the same as those employed in the 
later and more satisfactory experiments with cotton. The results 
obtained from each of the two maize experiments were the same and 
each was conclusive. The plants in the control and sterile cultures 
grew equally well prior to and for a few days after inoculation wfith 
Phyinatotrichum omnivoruin. Beyond that time, however, the maize 
plants in all the sterile cultures declined rapidly, the leaves wilted and 
curled (fig. 5), and the plants died. The maize plants on the nonsterUe 
substrates continued for the duration of the experiments to make a 
normal, healthy growth. 
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After the inoculations, in the experiments both with cotton and with 
maize, mycelium and strands of Phymatotrickurn omnivorum grew out 
to the walls of the glass jars and developed extensively. This visible 
growth of the fungus, like the growth of the maize roots, appeared to 
be equal in the control and sterile cultures. As time progressed the 
roots of the maize came to be paralleled for long distances and crossed 
repeatedly by the fungus strands. In this respect there was no differ- 
ence in the appearance of the control and sterile cultures. In the 
control cultures, however, maize roots in contact with the fungus 
remained bright and there was no evidence of any lesions. On the 
otlier hand, in the sterile cultures which had no organisms present 
other than P. omnivorum^ many lesions (hweloped and long sections 
of the roots turned brown and died. Furthermore, when the sterile- 
culture plants were removed from the jars, diseased roots were found 
throughout the sand mass and the lower portions of the crowns had 
likewise been attacked. In the nonsterile control cultures no evidence 
of diseased roots could be found. 

The external strands of Phymatotrichum omnivorum were removed 
with sterile forceps from the surface of a number of segments of diseased 
roots from the sterile cultures. Some of these segments were planted 
directly on nutrient agar while others were surface-sterilized with 0.1- 
percent mercuric chloride in 50-percent alcohol and then planted. 
Growth was obtained on all of these plates, showing that the fungus 
was present within the roots as well as upon them. The results of 
these experiments would seem to indicate beyond any reasonable 
question that the maize plants were killed by the root rot fungus and 
that the immunity of the maize plant to phymatotrichum root rot is 
attributable in part, if not entirely, to protection afforded by its root- 
surface microflora. 

Additional evidonce that the resistance of seedling cotton plants 
to Phymatotrichum omnivorum may be clnmical and that of maize 
plants primarily antibiotic was provided by othei’ laboratory observa- 
tions. When cotton seeds were germinated under stej*ile conditions 
on agar plates and the substrate was then inoculated with P. omni- 
vorurrij tlie attack remained slow and unctM'tain until a large mass 
of the fungus had developed. When maize, on the other hand, was 
similarly germinated, the hypocotyls were freely overrun by the 
developing fungus and the tissues were rapidly invaded. 

The observation that cotton seedlings, after having been overrun 
and attacked by a mass of Phymatotrichum omnivorum^ recover when 
transplanted from nutrient agar to greenhouse soils has a further 
bearing on the chemical interpretation of resistance. The fungus, 
when supported in a vigorous condition by an external substrate, 
produced lesions on the meristematic tissues of the cotton seedlings; 
but, as viewed in retrospect, it seems probable tliat the lesions repre- 
sented only the extracellular activity of the fungus and that the 
seedling tissue was in itself unsuitable as a substrate for the growth 
of this fungus. 

COMPANION PLANTS 

In view of the marked differences known to exist in the number 
and kind of microbes populating the rhizospheres of different plant 
species, it seemed worth while to learn whether the resistance of cotton 
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to Phymatotrichurn ornnivorum. might be affected by growing it in 
immediate proximity to other plants. For the purpose of a test, cotton 
was planted in the greenhouse in jars of soil in which there were also 
planted onions, beans, ryegrass, alfalfa, winter peas, vetch, mustard, 
beets, carrots, and Icicle radish(‘s. Following tlie previously described 
procedure, P. oruiiivorutn was introduced into tlu* soils when the cotton 
plants w(‘r(' in an advan(‘.ed floral-bud stage. Only with radish, which 
has \mm shown by Clark (4) to have an unusually large number 
of fluorescent bacteria associated with its roots, was there any sug- 
gestion of an increased resistance of the cotton. The effect of radishes 
on the resistance of cotton was subsequently tc^sted by planting 
them in the same hills with cotton in short replicated rows at the 
Temple wSubstation of the Texas Agricultural Experiment Station. 
The growth of the radishes was satisfactory under the field conditions, 
but no effect was observed upon the sus(‘eptibility of the cotton plants 
to root rot. The possibility remains that under otln'r conditions or 
by the use of other plants some measure of resistance might be gained 
by growing companion plants in the same hills with cotton, but the 
chances for success now sc'cm sonn^what remote. 

DISCUSSION 

In each of a series of greenhouse and field experiments with cotton 
plants of fruiting age, a direct (‘orrelation was found l)etwe(ai the 
carbohydrate concentration of the root bark and the resistance 
of cotton to phymatotriclium root rot. Plants with low carbohydrate* 
(‘oueentration usually dienl within the* seconel wee*k after inoe!ulation, 
the death of plants with intermediate concentration was substantially 
delayed, and plants high in carboliy el rate's remaineel alive. In all 
e'xperiments the high-carbohydrate plants suffered initial lesions 
after inoculation, but the progress of the diseases up the taproot was 
slow and custe)marily stoppe'd before it reached the uppermost lateral 
roots. If the plants were maintained in the high-carbohydrate 
condition foi' several montlis, the fungus disappeared from the roots 
and normal growth was then possibh*. The complete recovery was 
probably associated with additional carbohydrate aci'umulation 
(‘onsequent to the disrupted translocation and to the reduction in 
water supply caused by the loss of the lower roots. 

One cannot conclude from the foregoing data that high carbohydrate 
concentrations in plant tissues are directly unfavorable to Phyma- 
totrichvm oinnivorum without neglecting the results of extensive 
laboratory investigations wherein tlie organism has sliown excellent 
growth in vitro on high-carbohydiate substrates. If P. ornnivorum 
were the only organism present when tissues ar(* attacked, its growth 
should be enhanced rather than retarded by a richer substrate. 
Under natural conditions, however, saprophytic organisms are also 
])r(‘sent and the growth of the root rot fungus upon and within plant 
tissue must in some measure always be competitive. In such systems 
the growth and survival of P. ornnivorum on a tissue substrate become 
dependent upon the relative suitability of the substrate for the various 
members of the microbial population and upon the interactions 
between these organisms. In other words, the absence of competition 
with other organisms differentiates the pure-culture reactions of P. 
omnivorum from those resulting from the ecological relations that exist 
in natural habitats. 
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The assays of the root-surf aco microflora of the cotton plant at four 
carbohydrate levels showed that the physiological status of this plant 
has a notable effect on the saprophytic flora of its root surface. 
Although there were more fluorescent blue-green bacteria, there were 
fewer Bacillus spores and the total number of bacteria was smaller on 
cotton roots having high carbohydrate concentrations than on those 
having low carbohydrate concentrations. The fact that the total 
bacterial number was decreased suggests that the organism or organ- 
isms responsible for checking or destroying Phymatotrwhum omnivorum 
may also have been unfavorable to other groups. These assays do 
not show that organisms in themselves were responsible for the sup- 
pression and eventual disappearance of P. omnivorum from the roots, 
but they do show that the microbial equilibria were altered with 
changes in carbohydrate levels, and it is reasonable to assume that 
without these changes in the microflora P. omnivorum would not have 
been eliminated. 

The spread of Phymatoirichum omnivorum along the roots of cotton 
plants low in carbohydrates proceeded with remarkable rapidity, and 
tiicre 'was apparently little inhibition to the destruction of the epi- 
dermal and underlying tissues. When the plants were high in car- 
bohydrates, on the other hand, thi' progiess of the disease within the 
tissue mass was slow and eventually stopped. The inhibiting factor, 
here presumed to be antibiotic, was not limited to the tissue mass but 
was also a surface eflect, inasmuch as the epidermal tissues of high- 
carbohydrate plants above the lesions remained relatively clean 
whereas in low-carbohydrate plants epidermal degradation under tlu' 
mycelial weft is fully evident far in advance of the more deeply rotted 
regions. 

Although correlations and circumstantial evidence may lead to 
reasonable conclusions on the activity of root-surface organisms in 
the protection of plants against root diseases, such conclusions remain 
uncertain in the absence of a demonstration that immunity or resist- 
ance is lost when the plant is grown on a sterile substrate. 

Young cotton plants have long been observed to ho resistant to 
phymatotrichum root rot, and it has been shown (20) that their root- 
surface microfloral equilibria are notably different from those found 
on the roots of older cotton plants. Young cotton plants, however, 
were found to remain resistant to root rot when grown on sterile sub- 
strates, and this resistance was not altered when their carbohydrate 
levels were altered. Circumstantial evidence supports the conclusion 
that the resistance of high -carbohydrate cotton plants of fruiting 
age is attributable to antibiotic activity, but a final demonstration 
that such is the case would necessitate growing plants of this age on 
sterile substrates. No method of accomplishing this with the tops 
of the plants freely exposed is known at the present time. . 

The possible broad significance of the antibiotic factor in the resist- 
ance of plants to phymatotrichum root rot was indicated by experi- 
ments with maize. Maize plants growing on nonsterile substrates 
are highly immune to this disease. After inoculations of sterile 
cultures, however, lesions were rapidly formed on the roots, the leaves 
wilted and rolled, and the plants died. On the other hand, no lesions 
were observed on the roots of the maize plants grown on the non- 
sterile control cultures, even though many roots were paralleled by 
phymatotrichum strands for long distances along the walls of the 
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glass culture vessels. The antibiotic protection afforded the maize 
plant by its root-surface is apparently so great that Phyma- 
totrichurn ornnivorurn is imable to exert any effect upon the epidermal 
tissues. 

In almost any field of cotton attacked by root rot, individual plants 
may be observed that are apparently more resistant to disease than 
neighboring plants. From such plants (^6*) and from comparisons 
between cotton strains, species, and their hybrids (15) efforts have 
been made to seh^ct strains of high resistance. Tlie correlation be- 
tween resistance and the efi‘ects of high carbohydrates, when considered 
in conjunction with the effects of fruiting and of environmental con- 
ditions on carbohydrate concentrations, serves io suggest that ap- 
parent resistance may often reflect the (^fl'ects of pliysiological status 
rather than genetic*, factors. The most productive cotton strains are 
logically those that most effectively ti‘anslocate and utilize the prod- 
ucts of photosynthesis in boll production. By reason of the low 
carbohydrate concentrations associated undcn* moist conditions, with 
high fruitfulness, the productive^, strains, otlu'r conditions l)eing equal, 
should be the most siisccptibh'. to root rot. 

Field practi(‘cs or conditions that increases the productiveness of 
the cotton plant by inennising fruitfulness and growth, i. e., carbo- 
hydrate utilization as distinguished from carbohydrate^ storage, would 
also, on the basis of tin* experiments here reported, inen^ase root rot. 
Howevc'r, root rot rarely atta(*ks all parts of a cotton field, and the 
yield of plants prior to attack is often substantial. Therefore, 
practices and conditions that incnaise productivem'ss, even though 
associat(‘d with treatments that increases the number of dead plants, 
usually result in net gains in yiedd. 

CONCLUSIONS AND SUMMARY 

111 potted soils and in the field it was found that the susceptibility 
of cotton plants of fruiting ag(‘ to phymatotrichiim root rot is related 
to the carbohydrate' contc'iit of the root bark. Carbohydrate levels 
were altered by such means as partial dc'foliation, defruiting, branch 
ri'inoval, and adjustments in nitrogen supply. With increasing carbo- 
hydrate concentration resistance was increased, and plants sufficiently 
high in carbohydrates withstood attack. 

8('edling (otton plants an* highly ri'sistant to phymatotrichum root 
rot, and tliis rc'sistance was not altered hy changes in carbohydrate 
h'vels. Likewise*, the i’(*actions of seedling cotton plants grown on 
sterile sand-bentonite* substrates showe'el the re*sistance* to be largely 
independent of any prote'ction affordeal by root-surface saprophytes. 
A mass attack e)f l^hytrmlofrichnm o/nrdvorum^ proeluceel lesions on 
seedlings grown on agar substrates, but it seeme*el eloubtful that tlie 
living seexlling tissue^s would indepe*neie*ntly support fungus growth. 
That the re'sistance factor is independent ed‘ curre*nt photosynthetic 
activity was shown by tlie similarly weak attack on seedlings growing 
on agar cultures in flasks kept in a dark chamber* and on those exposexl 
to the light. 

The e'orredation between carbohydrati*. (*onc(*ntration and the re- 
sistance of cotton to root rot is believed to reflect antibiotic protection 
at the higher carl)dliydrate levels. It was found that the microbial 
equilibria on the surfaces of cotton roots were markedly altered as the 
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carbohydrate concentration within the roots was increased. The 
number of certain organisms tended to increase through successive 
carbohydrate levels whereas others decreased. 

The existence of an important interaction was demonstrated be- 
tween root-surface saprophytes and the parasitic activity of the root 
rot fungus Phymatotrichum omnivorum by means of experiments with 
maize. After inoculation with P. onmivorum maize plants growing 
on sterile sand-bentonite substrates were rapidly attacked and killed. 
The roots of maize plants on otherwise similar but nonsterile sub- 
strates remained healthy even though paralleled for long distances by 
strands of the fungus. 
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LOSS OF FURFURAL-YIELDING CONSTITUTENTS FROM 
WHEAT STRAW ON TREATMENT WITH ALCOHOLIC 
AND AQUEOUS SODIUM HYDROXIDE SOLUTIONS^ 

By H. I). Weiiie, assistant chemist, and Max senior clumist, Bureau 

of Af/ricultural and Industrial Chemistry, Agrieulturai Research Administra- 
tion, United States Department of A[irictiUurc 

INTRODTK’TION 

The loss of fiirfural-yieldiiiG^ const itiionts in tlic course of tlie iso- 
lation of liemicelliiloses is a inatter of considerable iinporlance wlien 
llie coinposilion of these carbohydrate complexes is to be determined. 
Oliviously, any tieatinent tliat results in the removal or degradation of 
any constituent normally forming a i)art of the hemicellulose eom|)lex 
would affect the composition of the isolated hemicellnlose fraction. 
The. study reported herein was undertaken to determine the t‘xtent of 
loss of furfural-yielding constituents at differtmt stages in the isolation 
of the hemicelluloses of wheat straw. 

REVIEW OP LITERATURE 

The various hemicellulose j^reparations descrilied by tJie early in- 
vestigators were contaminated with other organic substances, jiar- 
ticularly lignin. Norris and Preece (7)y in their studies on the hemi- 
celluloses of wheat l)ran, partially delignitied the bran by extracting 
it twice with a boiling 1 -percent sodiiuii hydroxide solution in 50- 
percent ethanol, each extraction being carried out under a reflux 
condenser for 2 hours. 

Norman (J, fJ) found that the preliminary delignification of the 
plant material with hot alcoholic sodium hydroxide solution as used 
by Norris and Pj‘eece (7) resulted in a loss of furfural-yielding con- 
stituents. 

Buston (5), in preparing the hemicelluloses from cocksfoot grass, 
treated the {dant material with a l-peivent sodium hydroxide solution 
in riO-percent ethanol and allowed the mixture to digest at room tem- 
perature oveiTiight. 

Phillips and Davis {8) and Davis and Phillips (^) found that 
neitlier the lignin fractions precii)itated from the cold alcoholic sodium 
hydroxide extracts of alfalfa and bagasse nor the filtrates from the 
lignin fractions yielded any furfural when distilled with 1 2-percent 
hydrochloric acid. 

Angell and Norris {1) reported that furfural-yielding constitu- 
ents could not be detected in the hot alcoholic sodium hydroxide 
extract of hop flowers. 


' Received for publication July 19, 1944. 
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Preece {9) investigated the loss of furfural-yielding constituents 
at various stages in the process of extracting the hemicelluloses from 
lilac wood and teak wood. In tlie case of lilac wood, he found that 
of the 12.44 percent fuid'ui’al originally present in the material, a 
total of l().r)() perc'ent could 1 h‘. accounted for in the ammonium oxa- 
late ('xt 1 -act, the alcoholic alkaline extrai't, the hemicelluloses, and 
the residual cellulosic mat erial. About 14 percent of the total furfural 
could not he accounted for. In commenting on this loss Preece (^, 
p. 252) states : 

The cliscreijancy between the two totals (that is between 12.44 and 10.66] is 
surprisinglj^ hi^h, and it eannot be readily aceouuted for unless degradative 
changes liave occurnAl during extraction. It is impossible tlmt as much as 

14 % of the total furfuraldehyde could be represented by normal “extraction 
losses.” 

Preece {9) found that the treatment of unextracted t(^ak wood saw- 
dust with a 4-percent atpieous sodium hydroxide solution at i-oom 
temperature brought about no loss in tlie furfural-yielding constitu- 
ents, although a hot 4-per(‘ent axpieous sodium hydroxide solution 
caused a *4.5 percent loss of furfural. Howevei*, teak wood sawdust 
wliich had previously been extracted with ether and alcohol and then 
boiled witli a 4-percent aqueous sodium hydroxide solution suffered 
a loss of 7.2 percent of furfural. Simihn-ly Preece {10) found a loss 
of furfural-yielding constituents as a result of ])retJ(‘atm(‘nt of willow 
and mahogany woods with boiling sodium hydroxide solutions. 

EXPERIMENTAL METHODS 

Tlie ground wheat straw used in tlie ex[)eriin(mts was first extracted 
for lU) hours in a Soxhlet extractor witli a 1:2 alcohol-benzene solu- 
tion and then with a hot (85° C.) (l.5-percent aqueous aninuinium 
oxalate solution until the extract no longer gave a precipitate on the 
addition of ethanol. The extracted straw was diied in the steam 
drier. 

To 200 gm. of the exti-acted straw suttlcient 2-pei*cent sodium hy- 
droxide solution in 50-percent ethanol was added to immerse the jilant 
material completely. The reaction mixture was stii-red manually 
from time to time and allowed to stand overnight. It was then fil- 
tered, the residual material was washed with 70-percent etlianol con- 
taining some acetic acid, and the washings were added to the alka- 
line alcoholic filtrate. This combined filtrate w^as neutralized with 
hydrochloric acid and evaporated to dryness on the steam bath. Tlie 
pi-oduct obtained was ground, allowed to dry overnight at room tem- 
peratui-e, weighed, and tlie perctmtage of fui-fural was determined. 

The wheat straw, which had been extracted with the alcoholic so- 
dium hydroxide solution, was dried at room temperature and weighed 
and a 5-gm. sample was retained for tlie determination of furfural. 
To the remainder of the wheat straw, a 4-percent aqueous sodium 
hydroxide solution was added, in the proportion of 1 part of straw to 

15 parts of the alkali solution, the mixture was stirred manually from 
time to time, and allow^ed to stand at room temperature for 20 hours. 
The reaction mixture was filtered, and the previously described ex- 
traction with a 4-percent aqueous sodium hydroxide solution was re- 
peated 3 times more, making a total of 4 successive extractions with 
the alkali solution. The last of these alkaline extracts showed only 
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a trace of hemicellulose when it was diluted with 3 volumes of 05- 
percent ethanol. To the combined alkaline extract, 3 volumes of 95- 
perceiit ethanol were added, and after the mixture had stood over- 
night, the hemicelluloses were separated with the aid of the centrifuge. 
The hemicellulose precipitate was first washed with 70-percent etli- 
anol, acidified with acetic acid, and then washed successively with 
neutral 70-percent ethanol, 95-percent ethanol, al)solute ethanol, and 
ether. The product was dried in vacuo over sulfuric acid, weiglied. 
and the percentage of furfural determined. 

The cellulosic residue (designated as A) fi*om the above treatment 
with aqueous 4-percent sodium hydroxide solution was washed with 
70-percent ethanol acidified with acetic acid, then with neutral 70- 
percent ethanol, dried in the st(*ain drier and weighed, and a 5-gm. 
sample was taken for the determination of furfural. 

due filtrate and wastiings from the hemicellulose preparation as 
well as the washings from the cellulosic residue A were combined and 
neutralized, and the solution was evaporated to dryness on the steam 
bath. The residual material on distillation with 12-pereent hydro- 
chloric acid yielded no furfural. 

Cellulosic residue A was digested with a 2-])ercent sodium hy- 
droxide solution in 50-percent (‘thanol under conditions already de- 
scribed. It was then washed with 70-percent ethanol containing some 
acetic acid, and the washings were added to the alkaline alcoholic 
filtrate. This solution was neuli*alized with hydrochloric acid, evapo- 
T*ated to dryness on the steam bath, and the residual material was 
weighed. When this material was distilled with 12-percent hydro- 
chloric acid, it yielded no furfural. 

The cellulosic residue A which had been extracted witli the alcoholic 
soilium hydroxide solution was dried at room temperature, weighed, 
and a 5-gm. sample was retaijted for the determination of furiural. 
The remainder of the cellulosic residue was then extracted four suc- 
cessive times with a 4-percent aqueous sodium hydroxide solution, 
and the hemicelluloses in the alkaline extract were precipitatech 
waslied, and dried ; the pnx'cdure ali'eady described in connection with 
the first aqueous alkaline extraction was followed. 

Idle cellulosic residue from the preceding operation (designated 
as B) was wa.shed witli water, and the washings w’ere added to the 
filtrate fi’om the hemicelluloses of the second 4-percent aqueous so- 
dium hydi'oxide solution. The washed cellulosic material was first 
dried in tlie steam drier, then air-dried, Aveighed, and a 5-gm. sample 
was taken for anal 3 ^sis. To the remainder of tliis material a 4-per- 
c‘ent aqueous sodium hydroxide solution was added in the proiDortion 
of 1 part of plant material to 15 parts of alkali solution, and the 
mixture was boiled under a reflux condenser for 1 hour. The reaction 
mixture was filtered, the residual material was washed with water, 
and the washings w^ere added to the hot alkaline filtrate. The w^ashed 
residual material w as dried in the steam drier, then air-dried, w eighed, 
and the percentage of furfural was determined. 

The hemicelluloses in the extract obtained by boiling with the 
4-Dercent aqueous sodium hy^droxide solution were precipitated by 
following the procedure previously described for the isolation of the 
henqiicelluloses and the treatment of the filtrate and washings for the 
determination of furfural-yielding constituents. The hemicellulose 
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precipitates were dried in vacuo at 60° C., weighed, and the per- 
centage of furfural was determined. 

All experiments recorded in this paper were made in duplicate, 
and the results given in table 1 represent the mean of two values. 

The furfural determinations were made by the Tollens-Kiiober 
method (^). In determining the furfural balance for each step of 
the operation, allowance was made for the 5-gm. samples taken for 
analysis. 

RESULTS 

The results of the determinations are recorded in table 1. 

Table 1 . — of furfural-yielding constituents in the isolation of hemicclluloses of 

wheat straw 


[Furfural in the 2(K) pm. of .startinp material- 37. P.4 pm.] 


(1) Plant material <lipe.‘<ted at room'temperature for 
18 hours with 2-perc:ent sodium hydroxide solution 
in 50-percent ethanol 

(2) Residual material from (]) dipested at room 
temperature 4 successive times with 4-percent 
aqueous sodium hydroxide .solution, each digestion 
period lasting 20 hours 

Furfural extracted 
by alcoholic N,0 II 

Furfural in re.sidual 
material 

Tx)ss of 
furfural 

Furfural in hemi- 
celluloses 

Furfural in residual 
material 

Ai)]>arent 
gain in 
furfural 

Oram 

0. ftP) 

Percent of 
total 
1.75 

Percent of 
Grams total 

34. 05 90. 40 

Peremt of 
total 

7. 79 

Percent of 
Grams total 

22.83 00.05 

Percent of 
Grams total 

11.43 30.37 

Percent of 
total 

0. 50 

(3) Residual material from (2) dipested at room tem- 
perature for 18 hours with 2-percent sodium hy- 
droxide solution in 50-i»ercent ethanol 

(4) Residual material from (3) dipested at room tem- 
perature 4 succe.ssive times with 4-percent aque- 
ous sodium hy<lroxide solution, each dipestion 
period lastlnp 20 hours 

Furfural extracted 
by alcoholic N.OH 

1 

P'lirfural in residual 
material 

Loss of 
furfural 

Furfural in hemi- 
celluloses 

Furfural in residual 
material 

Loss of 
furfural 

Gram 

0 

Percent of 
total 

0 

Percent of 
Grams total 

11.32 30.07 

Percent of 
total 

0. 29 

Percent of 
Gra ms total 

1.45 3.85 

Percent of 
Grams total 

8. 05 22. 98 

I*ercent of 
total 
.3. 24 

(5) Residual material from (4) boiled under reflux 
condenser for 1 hour with 4-percent aqueous 
sodium hydroxide solution 




Furfural in hemi- 
celluloses 

Furfural in residual 
material 

Apparent 
pain in 
furfural 




Grams 

L44 

Percent of 
total 

3. 82 

Percent of 
Grams total 

7. 50 19. 92 

Percent of 
total 

0. 77 





It will be observed from table 1 that digestion of wheat straw with 
a 2-percent solution of sodium hydroxide in 50-percent ethanol re- 
sulted in a 9.54 percent loss in the yield of furfural of which only 
1.75 percent could be accounted for in the alcoholic extract. It would 
appear, then, that the action of the alcoholic sodium hydroxide solu- 
tion brought about an actual destruction of some labile furfural - 
yielding constituent affording 7.79 percent of the total furfural. 
Moreover, it is rather significant that the greatest loss of furfural- 
yielding constituents occurred at this stage of the operation; the 



Feb. 15, 1040 


Loss of Furfwal-Yieldmg OonstMutents 


167 


losses from the subsequent treatments with alcoholic sodium hy- 
droxide solution and Avitli cold and hot 4-])ei*cent aqueous sodium 
liydroxide solution were much smaller. The gains in the percentages 
of furfural recorded in sections (2) and (5) of table 1 are rather small 
and may well have been due to experimental error, although the pos- 
sibility that some furfural-yielding constituents may have been 
formed in the course of the treatment with alkali is not excluded. 

SUMMARY 

A study was made to determine tlie extent of loss of furfural- 
yielding constituents at different stages in the isolation of the hemi- 
celluloses of wheat straw. 

Partial delignification of the straw with a 2-percent solution of 
sodium hydroxide in r)0-percent ethanol cau.sed a loss of furfural - 
yielding constituents which amounted to 7.79 percent of the total 
furfural. 

Wheat straw which had been partially deligivified with a 2-percent 
solution of sodium hydroxide in 5()-i)ercent ethanol and then subjected 
to the successive action of cold 4-percent aciueous sodium hydroxide 
solution, cold 2-percent solution of sodium hydroxide in r)0-percent 
ethanol, cold 4-percent aqueous sodium hydroxide solution, and 
finally boiling 4-percent aqueous sodium liydroxide solution, suffered 
little or no lo.ss of furfural-j’ielding constituents. 
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CAROTENE CONTENT OF THE CORN PLANT ' 

By John W. Portkii, formerly research asnsiant in hiochemistry and genetics, 
F. M. Stronc, associate professor of biochemistry, II. A. Brink, professor of 
genetics, and N, P. Nkal, professor of agronomy and genetics, Wisconsin AgricnU 
tural Experiment Station - 

INTRODUCTION 

Corn silage ranks with hay as a principal winter roughage' for daily 
eattle in Wisconsin and adjacent States. It is becoming recognized 
that content of carotene, the parent substance of vitamin A, is one 
of the important factors affecting the quality of these winter feeds 
and of the milk produced thereon. Beginning in 1938, a study was 
undertaken at tliis station of the factors that influence the carotene 
content of liybrid corn {Zea mays L.). An initial objective was a 
(let(*rmination of the extent to whi(*h different inbred lines and the 
hybrids di'iivi^d from them varied inherently in capacity to form this 
sul)stance. On the answer to this question rested the possibility of 
improving tlu' carotene content of corn by selective brecHling. 

To this (uid a large number of genetically pure inbred, single hy- 
brid, and double hybrid strains of corn were raised and their carotene 
content determiiUMi at various stages of growth. During tlie summer 
of 1940, for (‘xample, approximately 27 inbred, 18 single hybrid, and 
30 double hybrid strains W(‘re examined. Continuation of the study 
through four growing seasons has provided data from which the effect 
of environmental variations, as contrasted with genetic make-up, 
may be (‘stimated. The effect on (*arotene contiuit of such factors as 
the sun-red gene, the sugary gene (sweet (*orn), the number of plants 
p(‘r hill, and the pr(‘vention of pollination were also studied, as was 
the distribution of the pigment in various parts of the corn plant. 

In view of the uniqiu' collection of experimental material made avail- 
al)l(* during this work, it was considered advisable to (‘xtend the 
analyti(‘al determination to xanthophyll and chlorophyll. The pres- 
(Uit report, howev(»r, is con(*erned entiri'ly with carott'ne values, and 
represents a greatly condensi'd summary of the comph'te results which 
are too extensive to be published in full.^ 

REVIEW OF LITERATURE 

Only a few investigations have been made to determine the varia- 
tion in carotene content among different strains of a particular plant 
species. Emsw’^eller, Burrell, and Borthwick {3) ^ examined 18 lines 

^ Received for publication July 20, 1944. Paper from the Departments of 
Biochemistry and Genetics (T^o. 348), Agricultural Experiment Station, 

University of Wisconsin, Madison, Wis. 

2 The authors are indebted to B. Schweigert, S. Hanrahan, E. Gangstad, and 
C. Owens for technical and field assistance. 

^ The complete data are available in the doctoral dissertation of John W. 
Porter, University of Wisconsin, 1942. 

* Italic numbers in parentheses refer to Ijiterature Cited, p. 187. 
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of carrots and found from 32 to 63 mg. of carotene per 100 gm. of dry 
weight. Later Johnson and Miller { 5 ) analyzed the grain of 19 in- 
bred lines of corn and found that significant variations occurred. 
They reported a close relationship between the number of genes for 
yellow endosperm color and the concentration of total carotenoids 
and i3-carotene. 

Virtanen {14) reported that the total quantity of carotene in various 
plants increased rapidly up to the time of flowering and then diminished 
as the plant matured. Murneek { 9 ) analyzed plants of three species 
which were grown under long and short day conditions. He found that 
the short day (reproducing) plants had a higher carotene concentra- 
tion than the long day (vegetative) plants. Further, analyses of 
soybean leaves over a portion of the growing season showed a maxi- 
mum carotene conccuitration at the time of flowering. Esselen and 
coworkers (4) found that the vitamin A potency of corn increased as 
the plant reached full growth, after which there was a considerable 
decrease. Moon {6) reported a marked loss, after flowering, in the 
carotene content of grasses. Snyder and Moore {12) analyzed corn 
leaves from tasseling time to maturity and found the maximum con- 
centration 2 weeks after tasseling. Nagasima { 9 ) reported that the 
concentration of the carotenoids in seed-bearing plants showed two 
maxima, the first during the period of most active grow th and the 
second at the time of sexual reproduction. 

The (effect of season on carotene concentration apparently has not 
been studied with the exception of determinations of the amount 
present in pasture grasses during spring, summer, and fall. However, 
a number of observations on the effect of fertilization, moisture, light 
intensity, and temperature have been reported. Virtanen {14) found 
that all factors which have an unfavorable influence on the gi*owth of 
plants, such as soil acidity, excessive concentrations of phosphate, 
potassium, sodium chloride, etc., lower the content of carotene in 
the plant. Also he found that carotene concentration is increased by 
the application of fertilizers. Pfutzer and Pfaff-Limburgerhof { 10 ) 
found that nitrogiui fertilization always increased the carotene content 
of the plants they studied. Moon (7) reported that nitrogen and 
potassium each increased the carotene content of pasture grass 
growing on poor soil. Nitrogen fertilization produced the greatest 
increase. 

Moon {6) reported that drought conditions reduced the carotene 
concentration of grasses. Atkeson, Peterson, and Aldous {!) found 
many pasture grasses increased in carotene content following fail rains. 

Barnes {2) found that maximum color developed in Chantenay 
canots when they were grown at 15® to 21*^ C. Smith {11) found the 
carotenoid content of greenhouse-grown tomato fruits to be less than 
that of the same variety grown out of doors. He reported also that 
some of the shorter wave lengths of light increase the carotenoid 
content of fruits. 

EXPERIMENTAL METHODS 

PREPARATION OF SAMPLE 

In preparation for the carotene analyses eight plants of a strain 
were harvested at the desired stage of development. This number of 
plants was taken for each sample throughout the study. In 1939 the 
entire leaf (sheath and blade) was separated from the remainder of 
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the plant, but in the following 2 years only the leaf blade, minus the 
midrib, was removed from the rest of the plant. This change was 
made so that small strain differences could bo determined more ac- 
curately. Leaf blades are relatively homogeneous tissue which contain 
65 to 80 percent of the carotene and only about 10 percent of the total 
dry weight of the entire plant. 

'Each year the two fractions were separat(‘ly chopped into to 
inch pieces with a Gehl ensilage cutter. Chopping rather than grind- 
ing was used because, as the values in table 1 show, there is a consider- 

Table 1. — Carotene concentration of chopped and ground corn leaf samples 


Dosoription of sample 


Groenhou8(‘>Krown sweet eor?) 


Field-Krowu sweet corn 

Field-Krown siiifile hybrid - . 



Method of i)reparation 

Chopfjed 
to H-inch 
lengths) 

Chopiied and 
then ground 
(i‘lectrie meat 
grinder) 


Micro^rams 

Micrograma 


per gram 

per gram 


( :W4 

208 


{ 280 I 

264 


1 227 

190 


/ OIJ 

274 


\ 575 

264 


403 

323 



269 


able loss of carotene from green corn plants when the latter method is 
employt'd . 

EXTRACTION OF CAROTENE 

After cutting, each fraction was weighed, mixed thoroughly, and 
duplicate 50-gm. leaf samples and a single 100-gm. sample "of the 
remainder material were taken for carotene analysis. Duplicate 
100-gm. samples of each fraction were also taken for moisture determi- 
nations. The samples for carotene analyses were immediately intro- 
duced into extraction flasks and i^overed with hot alcohol in order to 
avoid the rather sliglit destruction of carotene which was found to 
occur when cold alcohol was used or when the samples were allowed 
to stand before the addition of alcohol. 

Removal of carotene from the leaf samplt‘s was accomplished in 
three successive extractions by refluxing witli 300 to 400-cc. portions 
of 95-p(‘rcent ethyl alcohol and decanting the extracts. Samples of 
the remainder of the plant were extracted three times with 200 to 
300-cc. portions of alcoliol. Negligible quantities of carotene were 
removed by further extraction. 

STORAGE OF EXTRACTS 

The volume of the combined extracts of each sample was measured 
and a 25-cc. aliquot was taken for carotene and xanthophyll determi- 
nations. A 10-cc. aliquot was also taken for chlorophyll determina- 
tion. The 25-cc. aliquot was introduced into a small bottle (capacity 
200 to 250 cc.) and 5 cc. of 10-percent alcohol KOH was added. The 
solution was saturated with nitrogen, the bottle stoppered, and the 
sample stored in the dark at — 5® C. until analyzed, from 1 to 6 months 
later. The data in table 2, which refer to longer storage at a higher 
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temperaturo, support the belief that there was no loss in carotene 
content during the storage period. 

Table 2, — SiabilHy of carotene during storage of alcoholic extracts of corn^ 


strain or variety 

Analyses 
lier formed 
immediately 
after extrac- 
tion 

Analyses 
perfonned 9 
months after 
extraetion 

Golden Glow _ - -- 

Mkroonitm 
per gram 

70 

70 

01 

63 

103 

Microgrimft 
per gram 

Tl 

72 

55 

70 

108 

. , 

570 . . , . - - . - . 

525 . . 

Funk hybrid 236 - - . . 


1 The alcoholic extracts were stored under Nj at room temperature in the dark, and contained KOJl. 


SEPARATION AND DETERMINATION OF CAROTENE 

Carotene and xanthophyll were removed from the alcohol solution 
by diluting with 30 cc. of water and shaking with ir)-cc. portions of 
Skellysolve B until the latter removed no more color. The combined 
Skellysolve B fractions w(Te wash(>d once with 30 (m*. of water and 
then extracted with 15 -(t. portions of 8r)-p('rcent (Thyl alcohol 
until the latter came off (colorless. The Skellysolve B solution con- 
taining the carotene fraction from the leaf material was made to 1 00 cc. 
In the case of the stalk material, which was much lower in car()t(‘ne, 



MICROGRAMS OF p-CAROTENE PER CUBIC CENTIMETER 
Figure L- Curve showing absorption of light by p-Carotene in Skellysolve B solution. 


the Skellysolve B solution was diluted to 50 cc. The dilution factor for 
the calculation was therefore 2 instead of 4 as given in the formula 
below. The pigment content of the Skellysolve B solutions was 
determined with an Evelyn photoelectric colorimeter equipped with 
a 440 M filter. The results were expressed in terms of micrograms 
of carotene per cubic centimeter by interpolation of the Evelyn 
readings on a previously constructed standard curve (fig. 1). A 
Skellysolve B solution of pure /S-carotene^ was used to obtain this 
curve. 


^ Obtained from General Biochcmicals, Chagrin Falls, Ohio. 
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In order to (let(‘j*niiiie whether any carotene was being destroyed 
during tht‘ analysis, Skellysolve B solutions of earotene were allowed 
to stand ex^sed to light and air at room tcnnperature for a period of 
29 lioui-s. From the data in table 3 it can be seen that there was no 
loss in carotene during that time. 


Tablk S.— St ahil'ity of rnrotene in Skellynolve solutions exposed to light and air at 

room temperature 


(loldon (3 low 
Ki*XM|3 
8-29 X A 48 . , 

14 _ 

A48- 

l>4f).. 


SI rain or variet y 


K.vclyn palvanomrU'r read- 
ings 


Original 

value 

Value after 

29 hours 

82. K 

82.8 

72.3 

72. 3 

78.3 

77.5 

77.5 

78.0 

78.3 

78.3 

84. .5 

84.5 


Tlie amount of carotene per gram of diy matter was calculated by 
the following formula: 

Micrograms of (‘arotene per <’c._X 4 X total volume of extract 
grams of dry weight of tlu^ sample 

All th<‘ r<‘sults in the following sections ar(‘ (‘xpressed on lln^ dry 
basis and unless otlierwisc^ stat<‘d refer only to leaf mateiial from which 
the leaf sln'ath and midrib were removed. 

RESULTS 

DISTRIBUTION OF CAROTENE IN THE CORN PLANT 

To d<‘terminc the variation in the carotene concentration of dif- 
fertuit parts of the plant separate analyses were made on th(‘ leaves, 
stalks, husks, and ears of one strain. The values in table 4 show the 


Table 4. — Carotene concentration in different parts of the corn plant 


Carl of nlant i 

('anttene content at- 

Fraction of total dry weight 
at 

AnlhesKs 

Early dent 
stage 

An thesis 

Early dent 
stage 

I/i^ave.s . 

Stalks 

Microgram.H 
per yrn m 
miy 
.53 

Microgrunm 
per gram 

359 

8 

10 

Percent 

9 

91 

Percent 

Husks , . 

Ears _ * 


’ The analyses were made on strain IL. 


conctuitration of carotene and the percentage of the total weight 
present in these parts of individual plants at two stages of growth. 
The carotene concentration is so high in the leaves that they contain 
about two-thirds to three-fourths of the total, although comprising 
less than 0110 -tenth of the dry weight. 
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Sprague and Curtis {IS) made analyses of different leaves on the 
same corn plant and reported that camtene decreased rather regu- 
larly from tne uppermost to the lowest leaves. The writers repeated 
this experiment with three of their own strains and found the lowest 
(carotene concentration in the uppermost leaf of the plant in two of 
tlic three analyses made. The results are shown in table 5. 


Table 5. — Carotene concentration of different leaves from the same plant 


Strain 

Stage of maturity 

1 

Position of leaves ‘ 

Carotene 

content 



1 

jMicrogranis 




per gram 



11 and2« j 

547 

Single hybrid No. 1 

Late silk 

•(5 and ft . ... 

730 


(ttand 10 - ! 

800 



1 and 2 

474 

Single hybrid No. 2.- 

Medium milk. 

{5 and 6.. 

015 



(HandV 

559 



12 and 3. 

593 

Hi-- 

Late silk. 

<4 and 5. _ . 

m'A 



[8 and 9 . . 

572 


> Counting from top to bottom. 


Further analyses were made to determine whether there is a 
difference in the carotene concentration of the tip and basal portions 
of the same leaf. The blades of two or three leaves were cut trans- 
versely, and the two halves were analyzed. The results, given 
in table 6, show that the differences were rather slight. 

Table 6. — Carotene concentration in tip and basal portions of the same leaf 


Strain 

Stage of maturity 

Carotene content 

I'ip half 

BavSal half 

Single hybrid No. 1 

Late silk . 

Mkrograms 
per gram 

013 

411 

403 

409 

458 

Mkrograms 
per grain 

023 

424 

400 

! 477 

1 374 

Single hybrid No. 2-„ 

j Medium milk 

<Earlvdent 

Ri... 

[Medium dent 

Very early milk. 




EFFECT OF GENETIC AND ENVIRONMENTAL FACTORS ON THE CAROTENE CONTENT 

OF CORN PLANTS 

Strain Differences 

In 1940, at the early dent stage of maturity the leaf blades of 25 in- 
bred strains were found to range in carotene concentration from 
213 to 544 micrograms per OTam and the remainder of the plant 
from 6 to 24. To determine uie statistical significance of such strain 
differences, analysis of variance tests were performed on the results of 
analyses made on these strains at anthesis and at the medium dent 
stage of maturity. Table 7 summarizes the results of the tests and 
shows that the variance between strains is highly significant at both 
stages of development. 
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Table 7. — Analysis of variance table to test the significance of strain differences in 
carotene concentration of leaf blades 

STAGE OF DEVELOPMENT— ANTHESIS 


Variance 

Degrees of 
freedom 

1 

Sum of 
squares 

Mean 

square 

El 

F (.05) 1 

Within strains... . .i 

25 

12, 214 
560,940 ; 

4S9 



Between strains ... 

24 

23, 373 

"17’ 8" 

1. 96 


Total 

49 

573, 154 









STAGE OF DEVELOPMENT— MEDIUM DEN^F 


Within strains ... 

I I 
1 J 

23,017 I 
1,032,386 

853 
39. 707 



Between strains 

46. 6 

1.92 

1 

Total 

53 

1,055,403 









J Ratio of variance. 


Calculations of the total carotene, dry weight, and carotene con- 
centration per plant of individual strains harvested at the medium 
dent stage were also made. The results, which are summarized in 
table 8, show that the strains differed greatly. Similar ranges were 
found in the other 3 years in which the same analyses were made. 

Table 8. — Carotene and dry weight content of inbred^ single, and double hybrid 
Htrains of corn at the medium dent stage of maturity in 1940 


Strains 

Range of 
caroteiK^ 
per i)lant 

C arol eiK* con central ion 

Dry weight 
per plant 

Tyf)e 

N umber 
analysed 

Entire 

plant 

T.eaf 

blades 


1 


Mkrogrnms 

Micrograms 




MUUgrams 

per gram 

per gram 

Grams 

Inbred . 

27 

3.4-14.1 

20. 5 75. 1 

107-603 

114 261 

Single hybrid . 

18 

7. 1 29.2 i 

33. 6-73. 0 

246-529 1 

172 45)8 

Double hybrid 

30 

9. 7- 17. 5 

29. 2- 76. 0 

i 

210-4)90 

205-364 


Stac.e of Maturity 

In order to learn sonu‘thing of the variation in carotene conlent of 
corn plants with age, large plantings of nine strains w(M*e made in the 
summer of 1 940, and samples were taken at definite intervals through- 
out most of the growing season. The results are summarized paph- 
ically in figures 2 to 5. Each grapli represents average values for the 
nine strains, except those in figure 2, A and B, where the values for 
each strain are shown separately. 

The concentration of carotene in the leaves r(‘ached a sharp peak at 
78 days after planting, when the plants were shedding pollen, but 
the concentration in the entire plant dropped steadily throughout 
the period studied. The total carotene content of the entire plant, 
on the other hand, increased rapidly to a high level at 68 days, and 
then remained more or less constant until near the end of the season, 
when it also fell off sharply. The total carotene produced per acre in 
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comparison with the total yield of silage at different periods of harvest 
is shown in table 9. It is obvious that large loss of carotene occurs 
if the harvesting is delayed until the late dent stage. 



DAYS FPOM PLANTING 


Figure 2. — Carotene concentration in tlie leaf blades of (/I) five strains of corn 
grown in 1940 and {B) four additional strains grown in 1940: a, Iowa single 
hybrid sweet corn; />, Country Gentleman sweet corn; c, inbred 153; r/, inbrefl 
3408; e, single hybrid 3 x 26;/, inbred 6; g, inbred 26; /i., inbred 3; inbred R19. 


Table 9. — Yield of carotene and silage at different harvests {1940 season) 


strain or variety 




(J olden Olow- 

n45..._.. 

570 

690 

Funk 235 

Average of all strains and varieties. 


(First. 

{ Second 
(Third. 
(First.. 
{Sewmd 
(Third. 
First. - 

< Second 
(Third. 
(First.. 
■{Se(H)nd 
(Third. 
(First.. 

< Second 
(Third. 
(First.. 

< Second 
(Third. 

First.. 

-{Second 

(Third. 


Harvest ’ 


Yield per atire 


Carotene 

Silage 2 

Grams 

Tons 

206 

10.8 

255 

12. 3 

Ki4 

12.8 

166 

11.1 

166 

11.3 

103 

11. 1 

243 

12.4 

2:10 

14.1 

93 

14.2 

174 

12.3 

169 

14.1 

99 

14.0 

248 

14.7 

126 

13.2 

99 

15.2 

248 

13.8 

166 

14.9 

111 

15.7 

214 

12.5 

185 

13.3 

107 

13.8 


» The first harvest was made at the early dent stage, the second at the medium dent stage, and the third 
tot the late dent stage. 

< The yields of silage are calculated to a 70-peroent moisture basis. 
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As is well known, strains of corn can be classified according to the 
number of days required to reach a specific stage of development. 
When a group of inbred strains was compared on this basis, it was 
found that with few exceptions those whidi required the longest time 
to reach anthesis averaged the most carotene (concentration of leaves 
and content of the entire plant) and those requiring the shortest 
period had tlui least. Those intermediate in carotene content were 
also intermediate in their growth period requirements. The data 
are summarized in tabh' 10. It is questionabh; whether the higher 



Fig I RE 3. — Average carotene concentration of the nine strains for which data 
are shown in figure 2, A and B: a, Leaf blades; entire iilant. 

(•arot(>M(' (‘OiittMit of the slower growiiij^ strains is ilw result of tlH‘ long- 
er growth period or is due to inlienuitly liighiM* carotene synthesis. 
The former seems more probable since the carot(‘m‘ concentration of 
corn leaves increases at a faster rate than the development of the leaf 
itself. Hence the carotene content of two strains having the same 
capacity for carotene synthesis would probably be higher in the one 
requiring the longt^r growth period to reach anthesis. 

That strains differ in their inlierent capacity for carotene forma- 
tion seems fairly certain also, for when several strains which reached 
th(' same stage of development at the same time were (‘ornpared 

084058 46 2 
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(table 11), it was found that they differed significantly in carotene 
content* Here the influence of external factors in producing strain 
differeru^es was kept at a minimum* 

Table 10 also shows the decrease in carotene during the interval 
from anthesis to the early dent stage. It will be noted that those 



DAYS FROM PLANTING 

Figure 4. — Average dry weight per eight plants of the nine strains for which 
data are shown in figure 2, A and B\ a, Leaf blades; remainder of plant. 

strains requiring the longest growth period lost the most carotene. 
Whether this loss is correlated with the production of some specific 
substance in the plant has not been determined. Certainly the de- 
crease in carotene content is not proportional to the dry weight increase 
of a strain during the same growing period (table 12). 
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16 , 



oJ I ^ I 1 1 1 1 

46 56 66 76 88 98 108 iia 

DAYS FROM PLANTING 

Fk-ji're 5.— Average total carotene content per plant of the nine strains for which 
data are shown in figure 2, A and B\ a, Leaf blades; 6, entire plant. 

Table 10 . — EfecX of length of growth period on the carotene concentration of corn 


Interval 


('arotene in loaf 

from plant- 


blades at anthesLs 

ing to 

Strains averaged * 



anthesis 



(days) 


Range 

Average 




Micro- 



Micro- 

grams 



grams 

per 



ver gram 

gram 

73-77. - 

[26; Mi»; 8. R. Mn; 

1 9;S.R.:L 

'408-665 1 

m 


S. R. 26; 8-29; 14; 



79-82 

:176; 4362; 23; 8. R. 
23;R3;A;38. 

536-736 

1 

620 

84 

fA48; 32; 'WF 9 ; 374; 

\ 90; Tr. 

k3.V701 

619 


j 


89 

/Hy; R 4 ; L317B2; 

\ 4391; 8; 4415. 

}0l8-900 

786 


Interval 


Loss of earoteno 

from 


from leaf bladtvs 

anthesis 

Strains averag((d > 



to early 
dent stage 


Range 

Average 




Micro- 



Micro- 

grams 



grams 

per 

Dags 

/9; S. R. 23; 25; Mn; 

1 23. 

per gram 

gram 

26-33 

I 1 O 6-271 

177 


J 



fS. R. Mu; S. R. 3; 



36-40 

1 S. R.26;14; Rs; A; 

1 A4i;32;3r4;l«);Hy; 

1 R 4 ; 4391; 8 ; 4415. 

|l28-d77 

281 

42-51 

/8-29; 375; 4362; :I8; 

[ WFp;Tr;L317B2. 

|l49--574 

306 


1 "'8. R.'’ denotes sun-red strain. 
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Table 11. — Differences in carotene formation among strains that reached the same 
stage of development at the same time {season 19^0) 



Anthtisis 


Early dent stage 

strain 

Interval from 

Carotene con- 

Strain 

Interval from: 

('iarotene con- 


I)lanting to 

centration of 


planting to 

centration of 


harvest 

leaf blades 


harvest 

leaf blades 



Micrograrns 



Micrograms 


Days 

per gram 


Days 

per gram 

Hy . . 

89 

ii 

32 . 

121 

/ 362 

1 372 



ll* 

89 

/ 837 

1 8,3.') 

A 48 -- . - - - 

121 

/ 5.30 

1 460 

8 

89 

/ 729 

1 751 

4.3f)2 

121 

r 320 

\ 3.30 



4391 - . . 

89 

/ 990 

|\ 828 

.374 

122 

j 378 

\ 414 


L317Bj 

89 

f 854 

\ 890 

90 

122 

1 396 

\ 408 

441 r> 

89 

|r 7«2 

ll 7li« 

! - 

122 

/ 267 

1 271 




8-29 . . 

I 124 

i 522 

i 544 




8 

1 

124 

/ 520 

1 


Table 12. — Decrease in total caiotene content of leaves and increase in dry weight of 
entire plant from pollen-shedding stage to ynedhirn dent stage of ynoturity 


Inbred strain 

Carot(‘ne de- 
crease per 
plant 

Dry weight 
increase j>er 
l>iant 

Inbred strain 

Carott'ue de- 
crease per 
l)lant 

Dry weight 
iner(‘ase i)er 
plant 

25 

Milligrams 

2. 29 

Orams 

62 

1 

A 18 . 

Milligrams 

7. 30 

Grams 

95 

Mu 

3, 40 

65 

32 

5. 36 

121 

Sun-red Mu ,, 

-.63 

55 

WF# 

2. 15 

147 

9 . 

.81 

87 

374 

7. 88 

87 

Sun -red 3 . 

1.29 

152 

90 . ' 

.84 

74 

8-29 

4.42 

69 

Tr - - . 

9. 18 

127 

14, 

6. 79 

89 

Hy 

9. 14 

111 

375 

-2. 15 

130 

lU - 

10.30 

110 

4362 _ 

5. 21 

135 

L317B2 _ 

9. 03 

150 

2.3 

6. 49 

94 

4391 

8. 95 

96 

Sun-red 23 .- . . 

5. 15 

101 

8. 

6. 37 

106 

Hi 

5. 65 

54 

4415- 

1 . 5 . 00 

66 

A.-.. 

5. 48 

65 

Sun-red 26 

2. 74 

86 

38... 

9. 75 

102 





Season 

The carotene concentration of the leaves and of the entire plant of a 
strain and the total carotene content of the plant differed consider- 
ably when harvests were made at the sam(‘ stage of maturity in two 
successive years (table 13). To tost the significance of these differ- 
ences the results of analyses of the carotene concentration of the leaf 
blades of five strains at the early, medium, and late dent stages in 1 940 
and 1941 were subjected to an analysis of variance test. Table 14 
shows that the variance between years is highly significant. A similar 
test was also applied to eight additional strains analyzed at the 
flowering and medium dent stages for the years 1940 and 1941, with 
the results shown in table 15. Again it is found that the carotene 
(concentration of the leaf blades differs significantly from year to year. 
Tables 14 and 15 also show that of the three variables, strain, year, and 
stage of development, the last named affects the carotene concentra- 
tion of a plant most. The other two factors are about equal in their 
effect. 
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Table \Z.-- Carotene concentration of corn plants grown in I94O and 1941 and 
harvested at the medium deni stage of maturity 


Hybrid or variety 

Tarotene a 

Leaf blades 

mcientratiun 

Entire plant 

1 'otal carotene per plant 


19-10 > 

1941 1 

1940 

1941 

1940 

1941 


Mkroyraim 

Afkrograms 

Mkrograms 

Mkrograrm 



525 , 

per gram 

per gram 

per gram 

per gram 

MilligramK 

Milligrams 

015; 007 

479; 498 

70. 0 

59. 5 

17. 0 

L5. 2 

52t) 

480; .I.'IO 

405; 404 

47.7 

.57. 1 

11.2 

13. 0 

5;tr . 

022; 005 

445; 499 

09. 0 

39. 5 

15.7 

10.4 

000 . 

4.59; 469 

458; 387 

58.8 

54.8 

10. 1 

1.3. 0 

572 

090; 572 

3.54; 413 

74.4 

51.0 

17.5 

13. 5 

fHKL. 

493; 498 

340; 332 

00 . 0 

3.5. 8 

14.0 

11.0 

(Jolden ( j 1 ow _ ... 

404; 405 

381; 434 

53. 5 

4(1. 4 

10.9 

11.8 

Murdock 

40;i; 405 

370; .*{49 

.50.4 

23. 5 

12.0 

5.4 

(i45 . 

.M4; 580 

489; 440 

00. 5 

.55. 9 

1.5.4 

10 . 0 

f)25 

410; 4.54 

428; 40.5 

49. 0 

.30. 0 

17.2 

10. 0 

fJ40 

4(M1; .‘{.'{0 

440; 422 

45. 5 

73. 1 

13.8 

](i.9 

fi48 

4(K); 308 

301: .349 

44.5 

35. 0 

13. 2 

8.8 

(175 

403; 412 

304; 311 

43. 9 

29.8 

10.0 

9.9 

(17(1 

392; 439 ! 

341; 350 

4.5. 0 

1 40. 2 

13.0 

10 . 8 

(WO 

300; 327 

404: 402 

32.7 

.50. 4 

10 . 8 

14.9 

(197 - 

370; 325 

388; 431 

.‘{ 8 . 3 

32. 7 

13.9 

10.8 

JMoueer .*{ 22 .*. 

290; 340 

.‘{.38; 304 

30. 0 

35. 2 

9.8 

9.2 

(190 

398; 408 

285; 288 

34. 9 

35. 0 

10. 5 

10.9 

De Kalb 404 A 

4.58; 435 

3(K); .322 

43.9 

39. 9 

14.7 

10.5 

090 . , . 

.382; 347 

3(H); 292 

42.4 

30. 2 

12.2 

13. 1 

095 

.‘{.5,3; :{39 

3.58; 3.58 

45. 0 

42. 0 

10.4 

12 . 0 

Iowa i;{ 

410; 413 

380; 488 

37. 8 

44. 1 

11.0 

i;{.o 

Funk 2^15. 

;{;{0; 387 

480; .503 

40. 5 

.50. 2 

12 . 1 

12.7 


' Km.*}i fmir of Hgure.s reprt'i^^'nls the results of duplicate analyses. 


Table 14. — Analysis of variance table showing the significance of seasonal varia- 
tion in carotene content of corn plants harvested at the sa me stage of mat urity^ 1940 
and 1941 


Variari(‘e 

1 legrees of 
fre 4 .‘doni j 

Sums of 
s(iuareR 

Mean 

sipjare 

F 1 

F (0.0.5) 1 

Within strain.s - . 

30 

21.308 

710 

1 


Bet ween strains 

4 

89,099 

22, 425 

31.0 

2. 09 

Between harvests , . 

2 

282. 40,‘{ 

141.202 

198. 9 

3. 32 

Bet ween years 

1 

41,870 

41.870 

.59. 0 

4. 17 

iStrain X harvest interaction 

8 

49. 739 

0, 217 

8.8 

2.27 

Strain X .vear interaction 

4 

.58. 27-1 

14. ,509 

20. 5 

2. 09 

Harvest X year interactioir - 

! 2 

29, IH )8 

! 14.9.54 

21.0 

3. 32 

Strain X harvest X vear interaction 

8 

1 10, ,‘{45 

14,543 

20. ,5 

2. 27 

Total ... . 

,59 

089. 540 









■ Jiati) of variances. 


Table Cj.— Analysis of variance table showi7ig the significance of sensojial variation 
in carotene content of corn plants at flouering and medium dent stages, 1940 and 
1941 


Variance 

Degnavs of 
freedom 

Sums of 
squares 

Mean 

.s(iuare 

F\ 

1 

F (.05)1 

Within strains 

32 

32, 072 

1,021 

1 


Between strains. 

7 

:{08, 399 

44,057 

43. 2 

2. .32 

Between harvests * 

1 

1,:{62.704 

1,302, 704 

1,3,35. 0 

4. 15 

Betwtaai years 

1 1 

2 (), 122 

20 , 122 

25.6 

4. 15 

Strain Xharvest interaction .. 

7 

07,191 

9, 599 

9.4 

2 . 32 

Strain Xyear interaction 

7 

20, 282 

3, 740 

;{. 7 

2. 32 

Y ear X harvest interaction 

1 

7.679 

7, 679 

7.5 

4. 15 

Strain Xyear Xharvest intcraclion 

7 

1,3,914 

1,988 

L9 

2. 32 

'I'otuL . - 

(>3 

1,845,023 











> Katio of variances. 
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Prevention of Pollination 

Pollination was prevented in several strains by covering ear shoots 
with paper bags from the time of tasseling until pollinated sister plants 
in the same row were at the desired sta^e of maturity. The carotene 
concentration of the leaves of these pollmated a,nd unpollinated plants 
is shown in table 16. From the results it is evident that the decrease 


Table M^.—Caroiene concentration of the entire leaves of pollinated and unpollinated 

corn plants 


Strain or variety 


825.. 

570 

045 

696.. . 

Funk hybrid 285. 
Golden Glow 


Carotene concentration at— 

Early dent stage 

Medium dent stage 

J^ollinated 

Unpollinated 

Pollinated 

Unpollinated 


Mterogtams 

Micrograms 

Microgram 


per gram 

per gram 

per gram 

f > 51 

1 132 

101 

108 

\ 46 

59 

no 

122 

j 63 

77 

74 

67 

\ 96 

85 

109 

103 

/ 143 

100 

in 

75 

1 156 

91 

135 

93 

i 95 

59 

88 

51 

\ 126 

57 

111 

52 

1 100 

96 

85 

59 

i 124 

120 1 

120 

58 

j » 44 

1 42 i 

119 

} 2 0 

1 . 54 

35 ; 

1 

96 


> Values given are for entire plant. 

'I'hese plants were completely lacking in color and were not anulyr-ed. 


in carotene concentration of leaves occurs independently of seed 
formation. Indeed, in some teases the loaf carotene concentration is 
much lower where pollination was prevented. 

SuGAHY Character 

It was found that the carotene concentration of the leaves of two 
sweet com strains did not decrease in the later stages of development 
as in dent corn strains. This is clearly shown in figure 6. Other- 
wise the changes in carotene concentration were similar in the leaves 
of sweet corn and dent corn strains. 

Sen-Red Character 

Sun-red strains of corn contain considerable amounts of anthocya- 
nin pigments whereas dilute sun-red strains have little. By crossing 
with a sun-red strain and then backcrossing to the original parent it 
is possible to select a sun-red strain which is almost identical in all 
other respects with the original non-sun-red (dilute) strain. The 
carotene concentration of the leaves of four such closely related 
strains wore determined and are reported in table 17. It is apparent 
that the sun-red character has no effect upon the carotene concentra- 
tion of com leaves, for sometimes the sun-red strains had more and 
at other times less carotene per gram of dry leaf tissue than homologous 
noA-suh-red strains. 
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Figure 6. — Carotene concentration in the leaf blades of various strains of corn 
during the 1940 season: a, An Iowa single hybrid sweet corn; 6, Country 
Gentleman sweet corn; c, average concentration of six inbred and one single 
hybrid dent corn strains. 
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Table 17. — Carotene concentration of svn-red and non-sun^red strains of corn, 

1939 and 19J,0 


Strain 


Siin red M n 
Non sun red 

Sun red 26... 
N on sun red 
Sun red 3 . . 


M 13 


26. 


Non sun red 3 


Sun red 23 .. 
Non sun red 5 


Caroteno ooneenl ration 
in 1939 1 at— 

Carotene coneentration 
in 1940 2 at— 

Early dont 

Medium 


F.arly dent 

Medium 

stage 

dent stage 


stag<' 

deni stag(‘ 

MicrogramH 

Microgranis 

Micrograms 

Micrograms 

Micrograms 

per gram 

per gram 

per gram 

per gram 

per gram 


144 

534 

334 

503 


159 

508 

336 

467 


144 

526 

368 

31X) 


127 

566 

378 

;t44 

r 50 

50 

572 

428 

378 

1 72 

50 

581 

399 

378 

/ 46 

77 

582 


283 

1 60 

84 : 

602 


296 

f 127 

70 ! 

532 

405 

375 

1 129 

60 i 


403 

365 


65 I 

637 


366 


73 i 

640 


386 

/ 42 

50 

625 

413 

346 

\ 67 

51 

641 

428 

301) 

/ 74 1 

85 

664 

433 

288 

1 113 

98 

736 

425 

4(M 


1 Analyses were made on entire leaf (sheath and blade). 
Analyses were made on leaf blade only. 


Number of Plants per Hill 

The (effect of the number of plants ptu- liill on tlH‘ (‘arottuie eont(Uit 
of corn is an important practical question. Talile 18 shows th(‘ con- 
centration of carotene in the leaf blades and the tuitirc' plant and the* 
total carotene conttmt per hill when two, four, and six plants w(U'(‘ 
grown in hills 8 feet apart. The six-plant hills produ(‘ed ov(T twice 
as much carotene as those of only two plants. 


Table 18. — Effect of nvniber of corn plants per hill on carotene concentraiiord 



Strain 

Plants 

Carotene concentration- 

Total dry weight 
per hill of— 

'J'otal 

carot(‘ne 


No. 

I)er 






hill 

Leaf 

Entire 

Leaf 1 

Remainder 

per hill 




blades 

plant j 

blad(‘S 

of plant 





Micrograms 

1 

Mterograms 



Milligrams 




per gram 

per gram 

Or urns 

Grams 



2 

f 465 

\ 604 

} 

51 

825 

35. () 

626... 


4 

} 400 

\ 363 


Ml 

1220 

1 65. 9 









6 

1 388 

\ 443 

j M 

151 

1330 

81.5 



2 

1 m 

{ .333 

1 33 

69 

885 

31.5 

696— 


4 

/ 267 

\ 291 

} 30 

108 

1J90 

38.9 





1 




6 

/ 349 

1 327 

} ' 

158 

1660 

63. 6 


1 Analyses were made on plants at the mediiiin dent stage of development . 


Relation of Carotene Content of Inbred and Hybrid Strains 

It is desirable to know whether one can predict the carotene content 
of a hybrid from that of its inbred partmts. Table 19 presents data 
which give information on this question. It is evident that a predi(‘- 
tion of a hybrid^s carotene concentration can be made with only a 
slight degree of accuracy from the data on the parent inbred strains. 
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It will also be noted from table 19 that hybrids had a much higher 
average carotene concentration than inbn^ds at the medium dent 
stage. It is not certain whether this is a reflection of the practice 
of selecting hybrids rtdaining much of their color at tlie latei* stages 
of matuj'ity or whether it is a definite result of hybridization. Cer- 
tainly the high(‘r content per plant is largely traceable to the latter 
factor since a hybrid has a greater weight of leaves per plant tlian 
either of its inbri'd parents. 

Table \^~- C(iroiene contend of hybrids arid iheir i7d)red parents 


('ttrolt*ne concfntrfttion oC 

Total (^arotoiio 


Strains 


Leaves 


Entire plant 

content per plant 


Uy- 

Inbred 

Ily- 

Inbred 

lly- 

inbred 

Hy- 

Inbr<‘d 


brids 1 

tiar('nts * 

brids 3 

I)arents 2 

brids 2 

j)arents 2 

brids 2 

parents 2 


Alkro- 

Micro- 

Micro- 

Aficro- 

Micro- 

Micro- 




graviH 

grams 

grams 

grams 

grams 

grams 

Milli- 

Milli- 


per gram 

per gram 

per gram 

per gram 

per gram 

per gra m 

grams 

grams 

KisXMis 

m 

.’S4(); ()17 

415 

3 052; 022 

70. 0 

351 . 0; 42. 5 

12.8 

3 9. 7; 5. 2 

2:iX2ti . . 

?>h{) 

7(M): 592 

085 

04(); 290 

.50. 5 

44. 1 ; 09. 4 

14. 1 

7.4; 0.8 

l.WXH 

♦)()b 

792; 740 

008 

400; 098 

53.4 

05. 9; .52, 5 

11.2 

9. 2; 10. 9 

22XIU 

4.').') 

770; (vri 

290 

280; 258 

40. 0 

06. 6; 08. 2 

10.2 

7. .5; .5.2 

MiaXHa 

(df) 

540; fi:{2 

001 

322; 258 

48.2 

42. 5; 38. 2 

8.7 

5.2; 5.2 

irviXMiii 

{)2.') 

792; ry\{\ 

401 

4(H); 022 

.57. 9 

05. 9; 42. 5 

11.4 

9.2; .5.2 

Kt^tXIW 

(KW 

792; 017 

057 

0.52; 400 

48. 4 

51.0; 05.9 

8.0 

9.7; 9.2 

:^xUs 

(i2:{ 

(kO); (i:{2 

041 

070; 258 

,55. 0 

08. 0; 08. 2 

11.5 

8.0; 5.2 

.'{74 X A is . 

(>79 

0H.'{; (>(>1 

429 

299; ;{(il 

47.5 i 

.00. 4; 52. 1 

, 10. 9 

6. 0; 10. 2 

;{xiT. 

(>2l 

(kIO; 592 

4(i8 

070; 290 

.50. 4 

08. 0; 09. 4 

! 10. 1 

8.0; (>.8 

;{HX22 


552; 770 i 

004 

180; 280 1 

;{8..5 ! 

20. 5; 05. 5 1 

10. 1 

4, 1; 7. 5 

•i7r)X H:t 


557; 0:{2 

25:{ 

077; 2,58 

00.0 

,50. 8: 08. 2 

7. 1 

9.0; 5.2 

WE«XR3 

54ti 

,55:{; (>.‘{2 

400 

25.5; 2.58 

54. 5 

40. 0; 08. 2 

17. 4 

10.2; 5.2 

{«)XVVFb. 

! 

.590; 55;{ 

522 

082; 2.55 

00 . 8 

70. 0; 40. 0 

20.4 

10. 0; 10. 2 

22X'l’r 

m 1 

770; 022 

48;i 

280; 049 

50. 0 

05. 5; .5.0. 9 

25. 9 

7.5; 14. 1 

K-2<)XA48 

«().*) 

719; 001 

500 

080; ;ioi 

72. 4 

47. 4; ,52. 1 

27.4 

,5. 9; 10. 2 

WF„XJly . 

(174 

550; 027 

074 

255; 205 

47. 9 

40. 0; 29. 0 

19.2 

10.2; 0.8 

«~29XTr . 

789 i 

1 

719; 022 

500 

083; 049 

72. 2 

47. 4; .50. 9 

29. 2 

5.9; 14. I 


> J’lants wore analyzed at the pollen-shedding stage of development. 

Plants wer(' analyzed at the nn'diuin dent .stage of developineut, 

3 The first figure in this column refers io the first inbred strain given in column 1; the second figure refiTS 
to tile other inbred parent. 

DISCUSSION 

It is evident that a largt' varifdy of both h(*r(*ditary and environ- 
mental factors influene(‘ tin' (quantity of (*aroten(' produced by a 
])articular corn plant, (Jther things being equal, the total yield of 
the pignnuit dt'pends primarily on the stagi^ of maturity at which the 
crop is harvf'sted. It appears that the optimum time of harvc'st 
with respect l)oth to total dry weight and total caroteiu* comes for 
most strains at the irnMlium dent stage of d(‘V(‘lopment, while most 
of the plants are still reasonably green and succulent. Delay beyond 
this time results in a large loss of carotene without much compensat- 
ing increase in total yidd of silage (table 9). It may well be also 
tliat the nutritive value of the crop with r(‘spe(‘t to other labile com- 
ponents is higher whih' the plants are still grefui. 

Since carotenoid pigments normally accumulatf^ in the ear after 
pollination, it was thought that the great drop in the carotene concen- 
tration in the leaves, usually observed following the pollen-shedding 
stage, might be avoided if pollination were jirevented. Such, how- 
(‘ver, was not the case. Tlie drop in carotene in these experinKUits 
was as great or even greater than when ])ollination was allowf^l to 
proc(‘ed normfilly. 
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At a given stage of maturity most strains were found to differ 
widely in successive years. The most striking illustration of this fact 
was provided by the analytical results secured on plants grown in 

1939, which on the average contained only about one-half as much 
carotene as those grown in 1938. The 1940 results were intermediate 
between these two. Since 1939 was a season of relatively low rain- 
fall at Madison (9.76 inches from May 1 to October 1 vs. 26.1 inches 
in 1938 and 18.7 in 1940) there is a strong indication that a liberal 
moisture supply favors high carotene preduction. 

Another environmental factor, namely, the number of plants grown 
per hill, also was found to have a considerable influence, at least on 
the total amount of carotene produced on a gi ven area of land (table 18). 
Although no attempt was made in this work to study such variables as 
temperature, light intensity, soil fertility, and the like, there is little 
doubt that these factors likewise have their effect. 

Genetic make-up also must be credited with a considerable influence 
on the carotene content of corn plants. In general, inbred lines, as 
might be expected, were found to elaborate less carotene than hybrids. 
Those strains which required a longer time to reach antlu'sis showed a 
higher pigment content than more rapidly developing strains. Al- 
though the various strains did not remain in the same relative order 
at the same stage of maturity in successive years, about 75 percent 
of them remained in the same relation to the average for the entires 
group at eacli harvest (i. e., either above or below the average). 
Furthermore, a few hybrid strains, notably 525, 645, and 531, were 
found to be consistently among the high carotene groups for 1939, 

1940, and 1941. Efforts to correlate the carotene content of various 
hybrids with that of their inbred parents, however, were not particu- 
larly successful (table 19). Likewise the presence or absence of the 
sun-red gene has almost no effect. In general it seems that the amount 
of genetic variability with reference to this constituent of the corn 
plant is not sufficient to justify efforts, for the present at least, to- 
wards breeding corn for higher carotene content. 

SUMMARY 

The concentration of carotene in corn plants is 20 to 50 times 
higher in the leaf blades than in the remainder of the plant. Stalks, 
ears, and husks all have about the same concentration, at least in the 
early dent stage of growth. 

Concentration of carotene in the leaves reaches a peak at the pollen- 
shedding stage and then declines rapidly. Prevention of pollination 
by bagging the ear shoot did not prevent this drop. The total caro- 
tene content of the plant, however, remains relatively constant until 
near the end of the growing season, -when it also falls sharply. 

The optimum period for harvesting with respect to total yield of 
both carotene and silage comes for most strains at the medium dent 
stage of maturity. 

Significant differences in carotene content between stocks, both in- 
bred and hybrid, exist, but are small relative to those associated with 
st^e of development of the plant and with seasonal factors. 

Data on two strains suggest that sweet corns may retain a relatively 
high carotene content as the season advances. 

The sun-red gene does not influence the carotene content of corn 
plants. 
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LEAF ELONGATION AND FRUIT GROWTH OF THE 
DEGLET NOOR DATE IN RELATION TO SOIL-MOISTURE 
DEFICIENCY ‘ 

By W. W. Aldrich, principal pomologisi, J^. Crawford, senior scientific aide^ 
and D. C. Moore, formerly senior scientific aide, Division of Fruit and Vegetable 
Crops and Diseases, Bureau of Plant Industry, Soils, and Agricultural Engineer- 
ing, Agricultural Research Administration, United States Department of Agri- 
culture 2 

INTRODUCTION 

Successful (late growing in the XTiiited States is (confined largely to 
the (h'sert valh^ys of California and Arizona, where air temperatures 
in summer fluctuate from minima of 70° to 90° F. to maxima of 95° to 
116° or more. With th(>se high temp(‘ratur(‘s, together with low 
i‘(dative humidity, soil moisture is rapidly depleted liy the date palm 
(Phoenix dactylijera L.) and for successful date production it must b(' 
frecjuently rephuiished by irrigation. Since tlu' palm doi's not t'X- 
hibit any easily observcxl symptom of watiu* sh()rtag(% such as leaf 
wilting, i(. fre(|U*'ntly siiff(vrs from soil-moisturt' d('fici(*ncy for many 
weeks without tlu^ grower’s knowing it. 

For this rc'ason an investigation was begun in 1938 at the United 
States Date Garden, near Indio, Calif., to find (1) a simph' method of 
detecting wlum a date palm is being influcmccd by a deficienc^y in soil 
moisture' and (2) the extent to wdiich a temporary deflcieiuy in soil 
moisture' may influence' fruit size and quality. The systeunatic meas- 
urement of elongation of recently emerge'd leaves, originally used by 
Mason (6*)^ and later tested to a limited extent by l^illsbury ()0), was 
carefully sludie'd. The details of the technique which was finally 
de've'loped, toge'tlu'r with a discussion of factors other than soil mois- 
ture that affe'e't the rate of leaf elongation, havealreaiiy Ixm'ti reported 

The effects of soil-moisture deficic'ncy during the summer upon 
fruit (h'velopment in I’chition to rat.(' oi leaf ('longation were dett'r- 
mined in four experiments, from 1939 to 1941, each expt'riment in a 
different planting of bearing Deglet Noor palms. Tlu' difficulties 
involved in obtaining suitable palms with a satisfactory supply and 
distribution of irrigation water made repli(‘ations of tr('atments in 
any one t'xperiment impracticable. Soil-moisture deficii'iu'y was ob- 
tained in ('xperinu'ntal plots by omitting rt'gidar irrigations for a 
single period of 5 to 10 wi'cks, but applying at all otlu'i* tinu's the sanu' 
irrigation (3 to 9 acre-inches evc'ry 10 days) as in tlu' control. In all 
cxperinu'iits plot A was tlu' frequently irrigated (‘ontrol and plots B, 
C, and D had soil-moisture deficiencic's in lat(' June and early July, 

’ Receivud for publication July 26, 1944. 

^The writern appreciate tlie cooperation of H. V. Cavanagli and Kenneth Pe(;k, 
who kindly furnished parts of their commercial gardens for field plots. 

Italic numbers in parentheses refer to Literature (hted, p. 200. 
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in late July and early August, and in late August and early September, 
respectively. The measurements of average fruit growth and average 
rate of leaf elongation for each plot were based upon 3 to 6 palms. 
Fruit gi*owth was measured by determining fresh and diy weights per 
fruit in weekly (*ollections of 60 to 96 fruits per plot. In order that 
all fruits might be relatively unifonn in development they were se- 
lected only from bunches known to have been pollinated within a 
14-day period in the spring. 

RATE OF PALM LEAF ELONGATION IN RELATION TO SOIL 

MOISTURE 

To substantiate^ preliminary results obtained in 1938 (7), indicating 
that the rate of leaf elongation is a sensitive index of the extent of 
water deficit in the palm, rate of leaf elongation in relation to soil 



Figure 1. — Ten-year-old Deglet Noor date palms in plot C of the Cavanagh 
garden on June 4, 1940, being irrigated at the rate of 0.5 cubic foot per second. 

moisture was carefully studied in four plots in the Cavanagh garden 
in 1940. Vigorous 10-year-old palms irrigated by flooding (fig. 1) 
were used, and one guard row of palms was left between the plots. 

The soil, apparently an Indio very fine sand, with no uniform 
horizons but with strata of silt of varying thicknesses at different 
depths below the soil surface, is representative of a large proportion 
of the better date soils. Approximately 3 to 4 acre-inches of water 
was applied at each irrigation during May and early June and 7 to 
9 inches thereafter. Some of this water moved laterally into the 
unirrigated middle. The average soil moisture per plot was based on 
a sample of the composite of all soil at each foot depth removed by 
a soil tube at 12 locations per plot, usually taken the day before and 
the day after each irrigation. The rate of leaf elongation was based 
upon measurement of 2 leaves every 2 or 3 days on each of 6 palms 
per plot. 
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LEAF ELONGATION WITH FREQUENT IRRIGATION 

The frequent irrigation of plot A (control) was representative 
of commercial plantings using as much as 12 to 14 acre-feet of water 
amiually. After June 25 each irrigation increased the percentage 
of soil moisture in each of the top 5 feet to more than twice the mois- 
ture-equivalent values (table 1), The average percentage moisture 
content was usually still above the moisture equivalent the day before 
the next irrigation. The average rate of moisture decrease between 
iirigations for the top 6 feet, expressed as volume of water, averaged 
0.121 acre-inch per day per foot depth of soil, or a total of 7.26 acre- 
inches in the top 6 feet during 10 days. 

The rate of leaf elongation (fig. 2) in plot A between May 10 and 
October 17 fluctuated between 3.6 and 5.3 cm. per day. The tempo- 
rarily low rates of elongation during the summer coincided with hot, 
dry weather and tlie temporarily high rates with cooler or relatively 
humid weather. The minima in rates in plot A during hot, dry 
weather are interpreted as indicating slight water deficits in the palms 
when transpiration from the leaves exceeded the water supplied by 
the roots. Minimum rates were frequently followed immediately 
by relatively high rates, probably resulting from resumption of turgor 
of enlarging leaf tissue, augmenting normal growth. 


Table 1. — Soil-vwisture constants and volume tveight of soil in plot A {control) y 

Cavanagh garden^ 1940 




Wilting range » 


Soil dci)th (fcpt) 

Moisture 
equivalent * i 

First perma- 
nent wilting 
point 

Ultimate 
wilting 1 
point 

Volume 
weight * 

0-1 

Percent 

7.1 

Percent 

3.0 

Percent 

2.3 

Grams per 
cubic centi’- 
meter 

1.43 

1-2 — : 

5.4 

2.6 

1.9 

1,30 

2-3 .. . 

6.7 

3.0 

1.9 

1.39 

3-4 _■ 

4.9 

2.2 

1.7 

1.39 

4-5 

4.0 

2. 1 

1.5 

1.30 

5-0 

7.0 

I 

2.7 

1 

2.2 

1.22 


> Determined by .T. R. Furr and J. O. Reeve. 

2 i^etermiried by Furr and Reeve by the method which they have recently described (4). 

* Volume weight (also called apparent si)eciflc gravity) Is dry weight of soil per imit volume of soil in the 
licld. 


Immediately after irrigation of plot A on May 23, June 14, July 23, 
and September 17, the rate of leaf elongation became appreciably 
greater than just before irrigation. Similar increases were obseiwed 
by Pillsbury (9) and Moore and Aldrich (7). Apparently just before 
irrigation the rate of movement of moisture from the soil into the palm 
was frequently not sufficient to prevent a slight to moderate water 
deficit in the palm, but immediately after irrigation the increased 
water content of the soil in contact with the roots accelerated the rate 
of water movement into the palm to such an extent that the growth 
or turgor of cells active in leaf growth was increased. However, for 
comparison with the appreciable water deficits of palms in plots B, 
C, and D resulting from the omission of irrigation, the palms in plot A 
are considered a satisfactory control. 
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Figuke 2. Relation of rate of leaf elongation to average soil-moisture percent- 
ages, just after and just before irrigations in plot A (control), and in plots 
B, C, and D when appreciable water deficits in the date palm were indicated. 
Plot A was irrigated about every 10 days. In plot B irrigations were omitted 
from May 14 to July 4, in plot C from June 26 to August 7, and in plot D from 
August 3 to September 17. The top 2 feet of plot B was accidentally wet on 
June 14. 
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LEAF ELONGATION IN RELATION TO SOIL-MOISTURE DEPIGIENOY 

As stated previously, irrigations were omitted in plot B from May 14 
to July 4 (except that the top 2 feet was accidentally wet on June 14), 
in plot C from June 26 to August 7, and in plot I) from August 3 to 
September 17. The rate of leaf elongation in plots B, C, and D became 
slower than that in plot A (fig. 2) when the average soil-moisture 
percentage' decreased below the moisture equivalent and approached 
the wilting rangi' {4) (as determined for the soil in plot A). In general, 
as th('. rate of soil-moisture decrease became slower tin* rat(‘ of leaf 
elongation in ])]ots B, C, and D became progn'.ssively lower than that in 
plot A. By the time the curves for soil moisture had liecomc* nearly 
horizontal, indicating that the soil moistun^ was in the wilting range 
and that moisture extraction by the roots was extreimdy slow, the rate 
of leaf elongation had deciT'ased below 2 cm. a day. Probably at such 
times most of the soil moisture that was available to the palm was at 
depths below^ 6 feet. Tliese results, tog(‘th('r with those obtained 
earlier (7), indicate that a prolonged decrease in rate' of leaf elongation 
b(‘low^ that of adjacent adequately irrigated palms is evidence of soil- 
moisture deficiency causing an appreciable water deficit in the palm. 
Wadsworth {11) obtaimal somewhat similar results with sugarcane 
plants. 

After th(' resum})tion of irrigation in plots B, C, and D tlie rate of 
l(‘af elongation increased, but not to within 0.5 (tii. pc'r day of that in 
plot A until about 2 w'^eeks liad elapsed. During these' 2 weeks soil 
moisture must have been available to the roots, so either a delay in 
wnit(‘r movement into the roots and from there to th(‘ crowui of the 
palm or a delay in resumption of division or enlargeim'nt of cells at 
the base of ('acli growing h'af must have been retai’diug leaf elonga- 
tion. Su(‘h influences retarding leaf elongation w ill be considered as 
a part of the apprc'cialile water deficit in the palm resulting from soil- 
moisture deficiency. Thus a period of appreciable w^ater deficit will 
be considered as (extending from the time when ri'duced rate of leaf 
('longation is first detect('d to th(' time wdien tlu' rate is again within 
0.5 cm. per day of tliat of adjaccait adequatc'ly irrigatt'd palms. 

The data relating rate of leaf elongation to soil moisture indicate 
that equivalent soil-moisture deficiencies (as measured l)y rate of soil- 
moisture dt'creasi' near or in the wilting range) in late summer and in 
midsumm(*r, respectively, caused about tlu' same' reduction in rate of 
leaf elongation. Thert'fore, in (‘xperiments where* soil moisture was 
not measured, it has bee'u assumed that (*quival(*nt reduedions in rate 
of leaf ('.longation (as compared with that in the control plots) indi- 
cated equivalent soil-moisture deficienenes. 

EFFECTS OF APPRECIABLE WATER DEFICIT IN THE PALM 

FRUIT DEVELOPMENT 

To understand the influence upon fruit development of soil-moisture 
deficiency at different times during the summer, it wuis necessary to 
determine tin*, curves for both fresh- and dry-wn*ight incr-eases of the 
fruit. Such weight curves were satisfactorily obtained in the pie- 
viously described Cavanagh plots in 1940, in similar plots in theCava- 
nagh garden in 1939, in two plots in the Peck garden in 1940, and in 
somewdiat similar plots at the United States Date Garden in 1941. 
Since the observed eftects of appreciable water deficit in the palm 
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upon the fresh and dry weights of the fruit were essentially the same 
in each of the experiments, only the curves for the '1940 Cavanagh 
plots, for which soil-moisture data have already been given, are pre- 
sented (fig. 3). 

The curves in plot A show characteristic changes in the fresh and 
dry weights of the fruits throughout their growth period. Long (5), 
who studied the anatomy of fruits from the United vStates Date 
Garden experiment in 1941, found the relatively slow increase in fresh 
weight in late April and early May to be characterized by rapid cell 
division throughout the fruit and by rapid cell enlargement in the 
apical and median parts; the rapid fresh-weight increase during June 
and early July to be due almost entirely to cell enlargement, with 
cell division only' in the basal part of the fruit; and the declining 
fresh-weight increase during late July and early August to be the 
result of cell enlargement only in the basal part of the fruit. The 
decrease in fresh weight per fruit during September is the result of a 
characteristic decrease in water content of Deglet Noor fruit just before 
final ripening. The rapid increase in dry weight during August and 
September is, according to Rygg,^ largely the result of sucrose accumu- 
lation in the fruit. 

The magnitude and duration of the appreciable water deficits in 
the palm are indicated (fig. 3) by the extent and length of time that 
the rate of leaf elongation in other plots is below that in plot A. 
When the rate of leaf dongation in plots B and C, respectively, dropped 
more than 0.5 cm. per day below that in plot A, the rate of increase in 
fresh weight of fruits in plots B and C almost immediately dropped 
below that of fruits in plot A. The rate of dry-weight increase, how- 
ever, was not immediately reduced proportionally so much as the 
rate of fresh-weight increase, with the result that the percentage water 
content of the fruit (data not given) was temporarily reduced. After 
the resumption of regular irrigation in plots B and C the fruit remained 
smaller than in plot A, indicating that tlu'. reduced increasf^ in fresh 
weight during the period of appreciable water deficits in the palm 
must have been largely due to a restriction in the total number or siz(i 
of cells and not just to a reduction in water content of the fruit. 

Delayed eflects of the appreciable water deficit in the palm in plots 
B and C occuiTed in late summer, after the resumption of irrigation 
had resulted in about the same rate of leaf elongation in plots B and C 
as in plot A. The principal delayed effect was the slower rate of dry- 
weight increase of the fruit in plots B and C than in plot A during 
late August or early September. This could have been due to the 
effects of the appreciable water deficit in the palm in reducing the 
number or size of cells in which the dry matter could accumulate, 
in reducing the stored carbohydrates {1 ) available for this dry-matter 
accumulation, in reducing the efficiency of the vascular bundles for 
carbohydrate transport, or in modifying the enzymatic or proto- 
plasmic nature of the cells. Associated with the slower rate of dry- 
weight increase in plots B and C was an approximately 2 weeks' 
earlier softening of the fruits than in plot A. 

An additional delayed effect of appreciable water deficits in the 
palm in midsummer was observed in plot C in the 1940 experiments 

* Rygg, G. L. compositional changes in the date fruit during growth 
AND ripening. U. S. Dept. Agr. Tech. Bui. 910. 
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Figure 3. — Fresh and dry weights per fruit in relation to appreciaV)le water defi- 
cits in the date palm as indicated by rate of leaf elongation, (^avanagh garden, 
1940. (Complete curves are presented for plot A, control, but curves for 
plots B, C, and D are presented only when soil-moisture deficiency caused 
measurable deviations from curves for plot A.) In plot B irrigation was omitted 
from May 14 to July 4, in plot C from June 26 to August 7, and in plot I) from 
August 3 to September 17. The top 2 feet of plot B was accidentally wet on 
June 14. 
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in both tlie Cavaiiagh and PocJk gardens. p]arly iti SeptcrmlxM* im- 
inatiHH' fruits in plot C began to loosen from the perianth and drop, 
and by the middle of September about 28 pcuTtuit of tlu^ fruits (by 
W(ngbt) had dropped in Cavanagh plot C and about 35 percent in 
Peck plot C. However, this effect of appreciable water deficits in 
July did not occur in the 1939 Cavanagh experiment or in the 1941 
United States Date Garden experiment. 

In plot D, wheie apprecnable water deficits in th(‘ palm occurred 
wluMi cell enlargement had ceasc^d and dry weight (mostly sucros(‘) 
was increasing rapiilly, tlie rate of dry-matter accumulation was 
not redu(*ed below that in plot A, at least in the 1939 and 1940 Cava- 
nagh expiTiments. Thus, the appreciable water deficits in the palm 
either did not redii(*e photosynthesis sufficiently to materially diminish 
tlw supply of sugars from the leaves to the fruit., or th(‘ utilization of 
stoT*(Hl carbohydrates compensatiHl for any reduction in the supply 
of sugars from tlie leavers. That carbohydrates from stored reserves 
may be utilized late in tlu' development of th(‘ fruit has been suggested 
by Aldrich and Young (/), whose results show a decrease in the starch 
content of the trunk (luring the period of fruit ripening. In the 1941 
United States Date Garden experiment, howevtu*, with palms just 
coming into bearing and with such extremely S(*vere water deficits 
in one of the tlm'c palms in plot D that th<‘ fruit shriveled before^ 
ripening, the indicuited rate of dry-matter inen^ase in the fruit dropped 
considerably below that in plot A. This suggests that when wiitc^r 
shortage is sufficiently acute, the ability of the palm to function 
normally may be so reducred that the rate of dry-matti^r a(‘(‘umulation 
in the fruit is greatly lessemed. In all three experiments the normal 
decrease in the total amount of water per fruit during Septemlxu* was 
slightly great(‘r in plot D than in plot A. 

The extent to which the single periods of appr(»ciable wat(*r deficit 
in the palm limited the final weight of the fruit in plots B, C, and D 
was calculated (tabl(‘- 2). As would b(‘- expected from the weight 
curves previously shown (fig. 2), appreciable water d(4i(uts in th(‘ palm 
in June and July (plots B and C) had a much greativr (dfect in rcMlucing 
the final fruit weight below that of plot A than did the soil-moisture 
deficiimcies in August and vSeptember. Although the effecds of mid- 
summtu* soil-moisture deficiencies in riMlucing the rates of fresh- and 
dry-matter increase occurred at different times during the summer, 
the final fresh and dry weights per fi*uit were reduced about equally. 


Table 2. — EffecU of appreciable water deficit in the palm for a single period, m 
limiting the final fresh and dry weights of the fruit 


i.ocation and y(inr of expt^riment 

Fruit weight 

l^ercentage reduction in weight per fruit in 
each plot below that of fruit in plot A 



J‘lot B 

Plot C 

Plot 1) 

Cavanagh garden, 19:i9 - . . 

Cavanagh garden, 1940 

Peck garden, 1940 

United States Date Garden, 1941 

/Fresh L. 

jury ' - - 

/Freah a - 

\Dry U - 

J Fresh 3 

\Dry 3 

/Fresh < 

iDry * 

Percent 

14 

16 

0 

11 

PeTcent 

12 

10 

25 

211 

12 

16 

10 

13 

Percent 

6 

0 

4 

2 

9 

11 


‘ Ripe fruit In second (October 17) pickinc;. “ Ripe fruit in second (Sei)tembor 21) picking 

* Partly ripe fruit in September 16 sampling. < Ripe fruit in October 9 sampling. 
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FRUIT QUALITY 

Checking, the high-liiimidity or rain injury to whieli the fruit is 
susceptible during June, July, and early August, (X'curred on fewer 
fruits in plots B and C than in plot A. These lesults, which are dis- 
cussed in a separate rc'port (t^), are believed to be due not only to a 
jH'duced supply of wator from the trunk to the fruit, but also to physi(‘al 
or clnnnical clianges in tlu' fruit brouglit about by appr(‘ciabl(‘ water 
deficits in the palm in plots B and C. Blacknose, a shriveling and 
darkening of the tips of fruits that d('veloi) scvcmm' checking, secuned to 
be r(‘duc('d by th(» water deficits proportionately more than th(‘ 
checking. 

There is a po])ular belief among date growers that the severe shrivc'l 
of ripe fruits often ol)serv(‘d in the Deglet Noor variety is most S(‘rious 
wh(‘n irrigation is not adcapiate. Although a careful grading of the 
fruit in each pi (‘king from each plot of all expiTiments showed that 
a])pT‘e(‘iable water d(‘ficits in th(» palm were in some cases followed by a 
slightly incr(‘ased amount of shriv(J in ripe fruits, there was no con- 
vincing evidi'nce that shrived was greatly increased by a single period 
of soil-moisture d(‘ficiency. Since Nixon and Crawford (8) found in 
fruit-thinning experiments that mor(‘ slirivel occurred where large 
numbta’s of fruits were hdt on a bunch, it seems probalJe that shrivel 
re'sults from a modification of fruit de^velopment caused l)y a limitation 
in tlie^ supply of carbohydrates. Therefore soil-moisture de^ficiency 
which is so prolonged as to gi*eatly reduce the vigoi* of the tree, and 
p(vrhaps carbohydrates stoivd in the' trunk, might be ('xpe*cted to 
cause' an increase in the numbe'r of shrive'led fruits. 

SUBSEQUENT DEVELOPMENT OF INFLORESCENCES 

The effeeds of the time of appreciable water deficits in the ])alm in 
one ye'ar upon the number of inflorescence's eme'iging the following 
spring (table indicate that the eh'ficits in late August and early 
Sej)t(*mbe'r (plot D) re'sulte'd in fe'wer indorescences (statistically 
significant in two out of three se'ries) the following year than on the 
control palms. Tliis sugge'sts that re'duceMl photosynthesis during the' 
appreciable wate'r eh'ficits in the palms limite'd the carboliydrate or 
othe'r plant foods necessary for dewelopinent anel eme*rge'nce of the 
inflorescence's. 


TablI'J 3. EJfect of livie of appreciable umter dcjicil in the palm upon the number of 
inflorescences op pearing per palm the following spring 


Location and yt'ar of cxiicrimcnt 

Inflorosct‘nc<‘s per palm, in the spring after appreciable 
water deficits in the palm 

Plot A 

Plot B 

Plot C 

Plot I) 

(’avanaph Knrdcn, 1939 

Cavanagh garden, 1940 

United LStates DaU* Oardon, 1941 

Number 

13.2dr0.7 

1 ll.HiO. 5 

20.7±1.9 

Number 

12. 8dr0. 3 ! 
ll.HrtO. 7 

N u mber 
11.8±0. 5 
12. OrhO. 3 
17. OrtO. 6 

Number 

9. 7dr0. 6 

10. 8±0. 7 
10. 6±0. 9 


DISCUSSION 

Those investigations have shown that systematic measurements of 
the rate of elongation of date leaves provide a satisfactory method for 
dt'termining when soil moisture is depicted to snch an extent as to 
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reduce the rate of growth of the fruit. The average rate of leaf elon- 
gation of recently emerged leaves was fairly constant from late May 
to October, so that a decrease of 1 cm. or more per day below this 
normal rate was an indication of soil-moisture deficiency. Fluctua- 
tions in rate from day to day during the summer due to variations in 
weather would tend to smooth out if the calculated rates were based 
upon intervals of 6 to 7 days between measurements. This normal 
summer rate of leaf elongation for Deglet Noor palms with adequate 
soil moisture was found to be between 4 and 5 cm. per day, with the 
higher normal rate for the palms of greater vigor. Therefore, with 
Deglet Noor in the summer, a decrease in rate to about 3.5 cm. or 
less per day would indicate a soil-moisture deficiency. Under cir- 
cumstances where the rate of leaf elongation appeared to be lower 
than normal when measurements were started, an increase in rate of 
about 1 cm. or more per day immediately after an irrigation would 
indicate that soil-moisture deficiency had existed before the irrigation. 
If, on the other hand, a rate of 3.5 cm. or less per day were not in- 
creased by an irrigation, some other factor, such as a root, disease, 
should be suspected as limiting the growth of the palm. 

To extend this method to other seasons of the year or to varieties 
other than Deglet Noor, it would be necessary to determine the 
normal rate of leaf elongation on two or three palms irrigated suffi- 
ciently often and thoroughly to have the soil moisture^ adequate at 
all times. Such a normal rate would be extremely low in the winter 
{2, 6)y would increase gradually during the spring as air and soil 
temperatures increase, and after a fairly constant rate during the 
summer would decrease in the fall. With this normal rate as a basis 
for comparison, a consistent lower rate of leaf elongation on other 
palms of the same variety w^ould indicate soil-moisture deficiency. 

Of particular importance is the fact that, during the period of 
increase in fresh weight of fruit (late May, Juno, July, and early 
August), a prolonged decrease in rate of leaf elongation of 0.5 to 
1 cm. or more per day below the normal rate was always accompanied 
both by a decrease in the rate of growth of the fruit and by a limitation 
in its final fresh weight. Furthermore, the extent to which the rate 
of leaf elongation was reduced below the normal rate as a result 
of soil-moisture deficiency was approximately proportional to the 
extent to which the rate of fruit growth was reduced. Therefore, when 
soil-moisture deficiency is suspected of limiting production, the 
systematic measurement of the rate of leaf elongation can be used 
to determine when improper irrigation is retarding the development 
of the fruit. 

Although the results indicate that soil-rnoisturo deficiencies in late 
August and September would trot be expected to reduce the final 
weight of fruit as much as equivalent deficiencies in June or July, it 
should not be inferred that such late moisture deficiencies are any less 
detrimental to satisfactory fruit production in the crop of the follow- 
ing year. The evidence that soil-moisture deficiency in late summer 
resulted in a smaller number of inflorescences the following spring 
suggests that such deficiency reduces the vigor of the palm. 

Since the period of susceptibility to checking coincides with the 
period of rapid increase in the fresh weight of the fruit,fa soil-moisture 
deficiency of suflficient magnitude to reduce the susceptibility^of the 
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fruit to severe checking during an extended period of high relative 
humidity or rain would be expected to markedly reduce its rate 
of growth. This was true in 1940 at both the Cavanagh and Peck 
gardens. The plots with soil-moisture deficiencies in June or July 
had lower percentages of blacknose than the controls, but the fresh 
weight of the ripe fruits from these plots was 6 to 25 percent less than 
that of the fruits from the controls. Even if no fruit drop had 
occuiTed on palms with a soil-moisture deficiency in July, it is doubt- 
ful whether the benefits of reduced blacknose would have increased 
the market value of the fruit sufficiently to compensate for its 
redu(*ed size and the consequently reduced yield pc'r palm. In years 
when blacknose is not serious, as in 1939, the reduction in checking 
alone as a result of soil-moisture deficiency in June and July would 
certaiiilv not compiuisate for the reduction in fruit size. 

The development of shrivel of ripe fruits appears to be most serious 
in years with prolonged periods of high temperature, particularly dur- 
ing September, In such years relatively few fruits develop shrivel 
where soil and cultural conditions have resulted in vigorously growing 
palms with numerous large leavers, large fruitstalks, and large fruits. 
Where the leaves, fruitstalks, and fruits are small as a result of un- 
favorable soil or (‘ultui'al (‘conditions, adecjuate irrigation during ont^ 
season to prevent soil-moisture defi<‘iency did not keep a fairly large 
percentage of fruits from dev(‘loping shrivel that season. Thus th(^ 
role of careful irrigation in reducing the susceptibility of the fruit to 
shriv<‘l would 8(‘em to be the prevention of soil-moisture deficiencies 
that might hinder the growth of now leavers or rcaiuce the ability of 
(listing 1eav(\s to prcxluce carbohydrates. Since carl)ohydrate re- 
serves probably accnimulate in the fall, winter, and spring (f), the pre- 
v(*ntlon of soil-moisture dcfficiemw throughout the year would appear 
to be desirable. 

SUMMARY 

The (Jfects of depleted soil moisture on the rab^ of leaf (Jongation 
and fruit development of bearing date* palms of the Dc^glet Noor 
variety were determined in four serit's of (‘xperimental plots. The 
moisture content of the soil was measured at 10-day intervals in one 
scries of plots. 

The rate of (‘longation of i*ecently emergcHl leaves was found to be 
fairly constant from late May to October. 

A decrease in the rate of leaf elongation below that of adjacent 
fre(^uently irrigated palms was found to be a sensitive index of appre- 
ciable water deficits in the palm resulting from soil-moisture deficicuuy. 
A prolonged decrease in rate of leaf elongation of 0.5 to 1 cm. or more 
per day below that of frequently irrigated palms during lat(^ May, June, 
July, and early August, when the fruits were enlarging, was always 
accompanied by a reduced rate of increase in fresh weight and by 
limitation in the final fresh weight of the fruits. The rate of increase 
in dry weight of the fruits did not fall immediately as much as that of 
fresh weight, so that the percentage water content of the fruits was 
temporarily reduc^ed. Delayed effects of appreciable water deficits 
in the palm were manifestecl in late summer in a reduced rate of in- 
crease in fruit dry weight, in approximately 2 weeks' earlier softening 
of the fruits, ancl, during one season, in a premature dropping of the 
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fruits. Equivalent appreciable water deficits in late August and early 
September, when the fruits were increasing rapidly in dry matter, re- 
sulted in a more rapid decrease in their fresh weight during the normal 
dehydration just prior to ripening, but there was reduced dry-weight 
accumulation only where the water deficits in the palm were very 
severe. 

Appreciable watevr deficits in the palm during June, July, or early 
August, when the fruits are susceptible to the high relative humidity 
or rain injuries known as checking and blacknost^, resulted in fewer 
fruits developing these injuries than on palms reex'iving adequate 
irrigation. Appreciable water deficits in the palms for a single period 
in tlie summer jUd not greatly increase the shrivel of ripe fruits. 
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INTRODUCTION 

In 1902 f], W . T. Duv(‘l started a (‘omprtvh(Misi\ (‘ (‘xperinvuni at lJu' 
Arlington Exporiment Farm, Kosslyn, Va., to (l('l(Mmin(‘ tin: lon- 
gevity of seeds buried at diff(‘r(ait d(‘ptlis in llu‘ soil iind(‘r natural 
conditions. Tlu' results afUu* 1 y<‘ar wen^ reportiai hy l>’u\(‘l 
and tli(‘ ri'sults involving all tests ma(l(‘ during the first 20 yiairs of the 
experiiiKuit W(‘re repoi*ted by (toss (7). S(‘ts of tlie buri(‘d seials 
wtu’!' taken up and t(‘st(‘d for viability in the spring of 1932, and again 
in th(‘ fall of 1941 , just before' the oeeuipation of th(‘ ExpeTiiuent Farm 
by the United State's War Departme'iit . The subsequent le'grading 
of the are*a whe'ie the* seeds were burie'd, eh'stroyeal the tlire*e re'main- 
ing sets e)f se*e'els tliat it had been intende'el to te'st in later ye'ars. This 
re'port, therefore', eomplete'S the record of this expei'iine'iit on the' via- 
bility of buried see'el. 

A numbe'r e)f reports have' be'en publishe'el on the ge'rmination of 
see'ds of e'Xtreme age'. J. Rainsbottom, as report e'd in Nature' (1), 
produc.ed se'e'ellings of Alhizzia jylibnssin from se'eel kept in elry 
storage for 147 years. Becquere*! (A) obtaine'el geiinination of 158- 
.ye'ar-old seed of Cassia multijuiia Kie*h. 

There have be'en many publisheel reports on the* ge'rmination ()f 
seeds whie*h cire'umstantial evide>ne*e' indicate'el had bee'ii in the^ soil 
many yeais, l)ut it is belie>veel that the first expe'rime'nt eh'finitely 
planneel to de*termine* the longe'vity of see^.ds e'xperimentally burieal in 
the soil was that started by Beal (/) in Michigan in 1879. Darlington 
(4), in reporting on Beal’s expe'riment afte'r (>() years, found the seeds 
e)f 2 and possibly 4 of the 20 burieel specie's surviving. Since the pub- 
lication by Goss (7) on Duve'l’s e'xpc'riment, several publications have 
appeared on other stuelies e)f the* longevity of seMals buried in the soil, 
e'nmpleted or in progress. Dorph-Fetersen (5) mentioned the* geu’- 
mi nation after 18 years of seeds of Flantago lance olata L. buried in 
soil at the Danish State Seed Testing Station in 1899. He also 
reported the viability after 6 years of 7 out of 13 species buried at 3 
depths in 1904. Goss (8) buried 12 species of weed seeds in Cali- 
fornia in both iiTigat('d and nonii-rigati'd soil; after 6 years, 5 species 
were viable from tlu*. irrigated and 0 from the nonirrigated soil. 

^ Received for piiVdicatioii August 3, 1944. 

2 Italic numbers in parentheses refer to Literature Cited, p. 209. 
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Goss and Brown {9) found that, of the seeds of cultivated and weed 
rices buried in irrigated and nonirrigated soil in Arkansas, Texas, and 
California and tested at intervals for 7 years, the weed rices survived 
longer than the cultivated and longer when the soil was flooded than 
when it was not. Kjaer {10) found that 20 out of 37 samples of crop 
and W'eed seeds germinated bettei* at tlu^ end of 5 yt'ars when buried 
in the soil than when held in dry storage. Muenscher (//, y. 6) 
reported viable seeds at the end of 5 years of all but 3 of 21 kinds of 
weed seeds buried in clay and in sandy soil at Ithaca, N. Y., in 1928. 

MATERIALS AND METHODS 

Detailed descfiptions of tlu^ methods of burial of the s(‘(‘d and of the 
germination of the s(»ed after rianoval from the soil have Ixu'n given 
by Duvel (6') and by Goss (7). Seeds of 107 species of crop plants 
and weeds harvested in 1902 (except 2 samph's of red clov(‘r of the 
1900 harvest) were used. Counted seeds of eacli species, mix(‘d with 
sterilized soil, were placed in flowerpots, w Inch wer(‘ tluui covered with 
inverted porous flowe^rpot saucers. An excavation was made with 
level soil surfaces at 8, 22, and 42 inches b(‘low' the ground lev(‘l. 
Twtdve sets of flowerpots containing soil anel senrls were placeul at 
each of the deeper levels, and 8 sets wrr’e‘ plae'e*el at the shallowru* le^ve‘1. 
Soil was then e’arefully pae-keei around the^ ])e)ts, anel the' e'X(‘avatie)n 
was fille'd to the normal grenind level. For the* large*!* se'e'ds, su(*h as 



Figure 1. — Set of buried seeds at the 42-inch depth, uncovered for removal and 
germination test in May 1932. 
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corn, wheat, beans, and cotton, 100 seeds were placed in each pot, 
but for most kinds 200 seeds were used. The pots rang('d in diameter 
from 2 to 6 inches, depending on the size of th(‘ seeds. Si^ts wttc 
removed and tested in 1903, 1905, 1908 (two sets as reported by Goss 
(7), 1912, 1918, 1923, 1932, and 1941. The appearance of the covered 
pots at the 42-inch depth, when uncovered and ready for removal in 
1932, is shown in figure 1. 

In 1932, seeds from the three depths were removc^d from tlie soil on 
May 4 and promptly tested for germination. The set removed 
October 11, 1941, represent(*d only th(‘ 22- and 42-inch depths, as all 
the sets at 8 inches had bc'cn remove<l previously. The seeds were 
tested for viability in sterilizcHl soil in a gn'cnhouse, essentially as 
described by Goss (7). No tests wei‘e discarded until the soil had 
b(‘en examin(‘d carefully for sound seeds. Where sound seeds wt‘re 
r('cov(*r('d, they wore scarifnal if they had faih‘d to absorb water or 
vvei*e stratifunl at a low tem[)eratur(‘ if th(‘y appcaired otherwise 
dormant. It is l)elieved that failure to germinate was not dut‘ to 
lack of suitable gcumination conditions. When th(‘ soil and seeds 
were Ixnng rcunovcnl from th(‘ pots, it was found ihat ants and earth- 
worms had been active in tlH'. soil in some pots, so that some scmmIs 
may have l>e(ui movc'd or d('sti*oyed. 

EXPERIMENTAL DATA 

Th(^ s(M‘ds of 15 sp(*ci(‘s of (‘rop plants and 3 sp(*ci(\s of weeds did 
not survive even 1 ycair in tin* soil. TIk' seeds that nevuu- g(‘rminat(‘d 
were barh'y (Ilonlevm vulgare L. [//. mtinnn J('ss('n]); Ixain {Ph(mmlus 
rvlgarw L.); l)uckwheat (Fagopyrum esculentum Moiuich [F. fagopyrum 
(L.) Kai’st.]); cotton {Gossypiurn hirmtum L.); flax {Lbvimi UKitatis-- 
mnum L.); hemp {Cannabis satira L.); maiz(‘ {Zea. mays L.), both 
field and sweet; muskmelon (Cucumis melo L.); oats {Avena saiiva 
1j.); onion {Allium eepa 1j.); pea {Fisurn sativum L.); rye {Seeale 
eereale L.); sunfIow(‘r, cultivatcnl, animus L.) ; vvalxvrrncdon 

{Oitrullus vulgaris wSchrad. citrullus (L.) Karst.]); wlnait {Triticum 
aestivurn L.); chess {Bromus secallnus L.); corncockh' {Agrastemnni 
githago L.); and Russian pigweed {Axyris amaranthovles L.). In 
addition, 8 species germinated so little as to be consid(U-ed negligibh'. 
These were asparagus {Asparagus officinalis Ij.); cabbage' {Brassica 
oleracea L.); cowpea {Vigna cylindrica (vSti(*km.) Ske'cls [V. cafjang 
Walp.]); lettuce {Lactuca sativa L.); meadow fescue {Festuca elatior 
L.); peppe'r {Capsicum fruU^^ L. [6\ annum L.j); scrul) pine {Finns 
virginiana Mill.) ; and tomato {Lycopersicon esculentum Mill. [L. 
lycopersicum L.]). None* of these germinated more than 1 percent or 
more than 1 year with the exc(*ptioii of tomato and lettuce, which 
germinated 2 different years. Tables 1 gives the^ germination per- 
e*entages obtained e^ach time the seeds were tested for all kinds (except 
those just listed. To facilitate reference to the previous publications 
on the experiment, the scientific names used in the original publication 
by Duvel {6) are given in brackets when they differ from the names 
now regarded as valid. Half percents have been raised to the next 
higher percent. 
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Tablk 1. — Germmation in different years of various kinds of seeds buried in 1902 

(All kinds of st‘(‘ds except thosi' listed on pa{J[e203as .irermiTmtint!: little or none are included; names 

used by Duvel (t/) that differ from i)restuit usat’e appear in brackets] 


Family and plant 


I )ei)th 
buried 


J’onceae: 

Afiropjjron rf'jnns (L.) Ileauv, (couch 
grass) . . ^ . 


.br/n/ faftiu L. (wild oa^s) 


Inches 

I 

22 



H 


iirnmiis rnrnnosns 1,. (upright chess) 


22 

42 

H 


Kfeitsine iiiilica (L.) (Uif'rtri. (goosegrnss) 


22 

42 


hlllimus cdiiiideiisis J,. (nodding wildaye) 

Klymus tritirnid(’s}iuvk]. (wild wheat;^ 

P^Iymusviryinicns L, (Virginia wild-rye' . 
Pavicnm rhqufnm L. (switchgrass) . . 

i 

Phahirisarundiudcen h. (nsal caiuiry grass) j 


PhUum praiense L, (timothy) 


Poo pralciisis L. (Kentucky blm'grassi , j 

SC aria liitescevs (Weigel) F. 'P. Hub!), j 
\Chaefnchlo(i gJauca (J/.) Scribn.j (vellow h 
foxtail) ( 

Selarm verticWatn (L.) Heauv. [Chnefochlnn !( 
verticillatn (L.) Scribn.j (foxtail) 


22 

42 

K 

22 

42 

H 

22 

42 

H 

22 

42 

.S 


42 

S 

22 

42 

"H 

22 

42 

K 

22 

42 

H 

22 

42 


Sefnria viridis (F..) Tleauv. {('ha^^ochlon ( 
viridis (L.) Scribn.j (green foxtail) j 

Sporohohis airoides Torr. (hairgrass drop* I 
seed). . I 

SpoTohohis crypfavdrus (Torr.) A. (Iray j 
(sand droi)S(‘ed) . _ j 

SpfiTohohis cryptaudrus (Torr.) A. (hay | 
(sand dropseed), hulled .seed | 

Cyperaceae; 

Cyperus escnleiPus L. (yellow' nutgiass) j 
IJrtlcaceao: 

Boehmeria iikea (L.) (laud, (ramie) | 

Polygonaceae: 

Polygonuin pcnsylvaniciini L, (smartweed) | 

Polygonum per skariah. (ladysthumb) . | 

Polygonum scandens L. (climbing false J 
buckwheat).., j 

Rumex crispus L. (curled dock), not j 
cleaned. | 


22 

12 

H 

22 

42 

H 

22 

42 

8 

22 

42 

8 

22 

42 

8 

22 

42 

8 

42 

8 

22 

42 

8 

22 

42 

8 

22 
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Seeds germinated in-- 


190,3 

190.^ 

1908 
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1918 

1923 
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Per- 

Per- 

Per- 

Per- 

Per- 

Per- 
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cent 

cent 
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cent 

21 

i) 

0 

0 
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0 

0 


7H 

J 

0 
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0 

0 

07 

19 

1 

2 
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0 
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0 

0 

0 
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0 
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0 

0 

0 

IS 

0 

0 

0 

0 

0 
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0 

0 

12 

0 

0 

0 

0 


n 
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43 
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0 

0 
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0 

n 

0 

19 

0 

0 

0 

0 

0 

n 

3 
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0 

0 


0 

3 
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0 

0 

0 

0 

0 

0 

3 

1 

0 

0 

0 

0 

0 
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0 

0 

0 

0 

0 


7 

1 

1) 

0 

0 

0 

0 

0 

22 

0 

0 

0 

0 

0 

0 

0 

2 

0 

0 

0 

0 

0 

0 
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0 

0 

0 

0 

0 

0 

0 

10 

0 

0 

0 

0 

0 

0 

0 

2 

0 

0 

0 

0 

0 

0 


14 

0 

0 

0 

0 

0 

0 

0 

20 

0 

0 

0 

0 

0 

0 

0 

4 

7 

0 

0 

0 

0 

0 


9 

IT) 

0 

0 

0 

0 

0 

0 
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!/) 

0 

0 

0 

0 

0 

0 

4r) 

40 

30 

13 

12 

5 

0 


47 

02 

.53 

47 

7 

12 

1 

0 

I'T 

03 

38 

10 

0 

1 

0 

0 

{) 

0 

35 

23 

3 

1 

0 


0 

0 

5r) 

22 

2 

.5 

0 

0 

0 

0 

47 

51 

0 

13 

0 

0 

10 

42 

0 

17 

17 

13 

1 


22 

00 

21 

5 

27 

11 

3 

1 

2'> 

81 

47 

4 

0 

19 

12 

2 

I 

3 
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0 

1 


1 

2 

2 

5 

2 

0 

0 

0 

1 

i 

2 

1 

0 j 

1 

0 

n 

29 

49 

40 

30 

s 

7 

2 


30 

48 

38 

3.5 

3 i 

3 

0 

1 

4f) 

02 

43 

48 

1 

2 

0 

1 

(t 

! .'iO 

10 

39 

29 

2 

0 


9 

Mi 

13 

20 

.5 

0 

1 

1 

0 

08 

27 

80 

•> 

20 

0 

0 

(» 

(► 

0 

0 

(*) 

0 

0 


0 

0 

7 

0 

0 

.5 

0 

0 

0 

0 

0 

8 ! 

0 

1 

0 

0 

1 

0 

1 

0 

0 

0 

0 


2 

0 

7 

0 

0 

4 

0 

i 

14 

0 

0 

0 

0 

59 

5 

0 

0 

0 

0 

5 

0 

0 

0 


0 

0 

0 

8 

0 

21 

5 

2 

0 

0 

0 

0 

0 

75 

1 

0 

0 

2 

5 

7 

1 

9 

0 


0 

3 

0 

21 

5 

5 

0 

0 

0 

2 

0 

14 

0 

17 

0 

0 

0 

0 

0 

7 

11 

39 

14 


0 

44 

0 

10 

32 

01 

14 

.3 

U 

54 

0 

20 

32 

71 

20 

() 

0 

0 

0 

] 

4 

0 

2 


0 

0 

0 

3 

0 

0 

1 

0 

(J 

0 

1 

1 

0 

0 

8 

0 

0 

20 

0 

01 

14 

1 

3 


0 

1 

0 

32 

9 

26 

9 

0 

0 

0 

0 

8 

1 

55 

9 

0 

0 

0 

0 

0 

1 

0 

0 


0 

0 


0 

0 

3 

0 

0 

0 

0 

9 

0 

0 

5 

0 

1 

08 

69 

64 

01 

43 

9 

0 


80 

65 

67 

76 

0 

24 

1 

1 

79 1 

58 

51 

73 

19 

14 

12 
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Table 1 . — Germinniion in different yearn of various kinds of seeds buried in 1902- 

Continued 


S«‘(‘(Is jr(>rniinai(‘d in 


Family and plant 


Polygniiaceae— Con tinu(*d . 

Tiumi'X obtimfoliuH \ ,. (bi oad-loavcd dock ) 

Rumei snlicifolinn Woiniii. (willow dcavod 
dock).. - 

Chonopodiacoat*; 

Beta vulgaris li. (m^Y hvvl) . 

Ctienopodium album L. (laiubs(iuartors) . j 

Cheriopodium hybridvrn 1^. (nmplci-liviviMl I 

gooscfoot) I 

Ainaranthareao: j 

Amararithus retruflixus L. (rough pig\v(M‘(l) j 
Phytolaccaccac: j 

Phytolacca umericana L. (pokcwcc;!) , . ' 

Portulacaccao: 

I 

Portulaca oleracen I,, ipurshmv) - 

Caryophyllamic {Silcnaccai*]: 

SapoTiarki vaccarin L. [\‘accaria vaccaria ; 
(L.) Britton] (cowhorh) , 

I 

Stfllaria media (L.) (\vr. l,l/.v///r mtdia 1. ) i 

(chi(tkwc(‘d) I 

Brassicaccac'; j 

Brassica Jiigra (L.) Koch (black imislanli j 

Brassica rapa L. [B. cainpestris !>.] (f iirnir) j 

Capsella bursa-pnstoris (}j.) Mo<\\k. \Iiiir- ; 
sa bursa- past jris (I,.) liritton] (shcpla'rds-! 
imrsej . 1 

Krysimu in chfirauthnidcs L. (worrnsccd ) | 

Neslia pauiculata (L. )1K'SV. (ballimistardC 

Sisymbrium allissimum L, (tall sisym- 
brium).. 

Thlaspi arvense L. (held pcmiycrcss) ... i 
Kosaccac: 

PoteritiUa norvegica L, \P. mouspeliensis 
L.j (rough cinquefoil) 

Caesalpiiiiaceac: 

Cassia marilandica L. (wild senna) 

Fabaccae: 

Lespedeza intennedia (S. Wats.) Britton 
L./rutescens (L.) BrittoiiJ (biishclover) 


Medkago sativa L. (alfalfa) . 



mA 

loo.n 

190S 

1012 

101 s 


Per^ 

Per- 

J Per- 

Per- 

/Vr- 

•'hes 

cent 

cent 

cent 

cent 
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H 

lA 
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SO 
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22 

TA 

02 

S4 

so 

00 

42 
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S7 

so 

S4 

S 

sh 

r»7 

AA 

s:i 

.^)S 

22 

h.) 
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10 

02 

S4 

42 

■/ 1 

OS 

2H 

94 

so 

S 

14 

0 

S 

1 

0 
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10 
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1 

0 

42 

40 

7 
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4 

2 

h 
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A7 

1 

AO 

40 

22 

(11 

41 

.qi 

A7 

47 

42 

(in 

.ni 

1 

02 

47 

X 

H 

It 

1 

.47 

0 

22 

10 

AO 

0 

27 
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42 
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A4 

42 

40 

Jl 

K 
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1) 

1 

I) 

0 

22 

11 

20 

OS 

40 

0 

42 

IS 

12 

10 

4S 

0 

K 


(10 

20 

ss 

0 

22 

(17 

01 

00 

04 

SS 

42 

.SI 

04 

77 

77 

04 

S 


1.^ 
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22 

.4 

22 


:n 
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27 

20 

42 

:u 

1)0 

11 


i.n 

K 


0 

0 

0 

0 

22 

4 

0 

1 

0 

0 

42 

7 

0 

1 

2K 

0 

K 

01 
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0 

0 

22 

07 
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47 

4 

<1 

12 
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1 

i 70 

i 

1 

1 

! "i 
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0 
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42 
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0 
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22 
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lil 
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i 
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H 
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0 1 
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i 0 
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22 

n ! 

1 ! 
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0 

1 

42 

4 

0 

1 

» 

1 ! 

s ! 
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:i I 

1 0 

10 


22 ! 

1 

0 1 

i 0 

S 1 

0 

42 i 

1 :50 
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14 

0 

S 
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1 
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0 

22 i 

! IS 

17 1 

7 
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! 2(1 

40 1 
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s 
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10 

00 
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10 

02 
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42 

22 
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SO 

7)0 

K 

A 

9 

14 

14 

4 

22 

A 
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14 

7 

7) 

42 
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17) 

14 1 

A 

H 

0 

1 

0 

1 

0 

22 

0 

1 
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1 

0 1 

42 

1 

2 
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S 

2 

4 
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0 J 
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0 

1 

1 
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0 

42 

0 

1 

0 1 
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See footnotes at end of table. 
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Table 1. — Geryninaiion in different yearn of various kinds of seeds buried in 1902 — 

Continued 


Family and |)lant 


I )e|)th 
buried 


Fabacoao - Contin ued . 

Rohinia pseudoaenda L. (black locust) 

Trifolium hyhridum I>. (alsikc clover) 

Tri folium praleriu L. (n'd clover) 

Trifolium praieuHt L. (ri^d clover), UHK) 
harvest 

Trifolium prateme L. (red clover), hard 
s(H‘d from above sample (1H(K)) 

Trifolium repens li. (white clover) 

Anacardiaceae: 

Rhus glahra L. (smooth sumac) 

Malvaceae: 

Almtiloii theophrasli M<*dik. (.1, nhutilnu 
L.J (velv(‘tleaf; .. . 

HihiM'Us milifaris Cav, (halb<‘rd-leaved 
roseiimllow') 

Hypericaceae: 

Ascyrum hypericoides L. (St.-Andrew’s- 
cross), . 

Onagraceae: 

Oenothera biennis L, \Onnitra biennis (L.) 
rtcop.] (evening-primrose) 

Apiaceat': 

Apiuin yraviolens h. (vA'h'i y) 


Pnstinaca sativa L. (wild paisnip) 

Oleaceae: 

Fraxinus americana L. iwhito nsh) 
Convolvulaceae: 

Convolrulus sepium L. (hedge bindweed) 

Cuscuta tpilinum Weihe (flax dodder) 

Cuscufa polygonoTurn Frigelm. (srnartw(‘ed 
dodder) 

Ipomoea lacunosa L. (small-flowered white 
morning-glory) 

Verlxmaceae: 

VerheTin hastata L. (blue vervain) _ 

Verbena urtkifolia L. (white vervain) . 
Solanaceac: 

Datum stramonium h.\D. t alula L.j (Jim- 
sonweed) - . . - 

Nkotiana tabacurn L. (tobacco) 

See foot-notes at end of table. 
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I'able 1. Germination in different years of various kinds of seeds huried in 19()'2 

('onlinuod 


■ ' ’ ' " ■ ‘ 

■ 


- - .. _ 


— , ... 

— - 



Depth 



S(‘eds germinated in ~ 

Family and plant 







buried 






j 



1903 

1005 

190H 

11)12 

lOlS 

1023 



Per- 

Per- 

Per- 

7Vr- 

Per- 

Per- 

Kolai)ae(‘a(' ('ontiniiisl. 

iuchcH 

cent 

cent 

cent 

cent 

cent 

ee'd 


1 

10 

77 

31 

3 

0 

H2 

Solaiium nigrum L. (black nightshade) , 

22 

11 

07 

52 

HI 

20 

74 


1 42 

13 

03 

27 

00 

20 

05 

Seropluilariaceae. 

1 ^ 


IH 

11 

03 

3H 

HO j 

Wrhascinu tfiapioni L. (common mullein) 


K 

20 

S 

41 

72 

00 1 


1 42 

20 

21) 

3 

83 

32 

1)3 

IMantaginaceae; 

1 

21 

34 

11) 

1 

0 

0 

Plunfagn tanceola/a L. (buckhorn) 

22 

21 

51 

14 

3 

0 

0 


1 42 

21 

02 

17 

4 

9 

0 


1 ^ 

to 

OK 

11 

53 

IS 

ti 

Ptunlago major L. (common plantain) 

22 

It 

00 

10 

32 

31 

14 


1 42 

47 

7)5 

15 

41 

20 

84 


i ^ 

12 

OK 

4 

K4 

33 

0 

l^lantago rtigelii Deem'. (Itufiel’s plantain) 

■ 22 

12 

50 

0 

75 

30 

21 


1 42 

14 

00 

0 

10 

24 

37 

('ucurbitaeeae: 

1 

0 

0 

0 

0 

0 

0 

Cucii mis mtivuK L. (cucumber) 

■ 22 

1 

0 

0 

0 

0 

0 


1 42 

3 

0 

0 

(1 

0 

U 

( 'icln^riaceae; 








Jjiciuca (urrioln L. ]/,. mrriold L.j (prickly 
lettuce) 

1 ^ 

22 

1 42 

04 

Oil 

70 

51) 

o: 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

TuTaruvum laeriga/um (W’illd.) l)(\ | 7’. 


30 

20 

7 

0 

0 

0 

erythrospermuin .Arnirz.j (n'(l-.see<l(‘d 

1 22 

42 

5 

I 

0 

0 

d 

dand('lion) 

1 42 

40 

2 

.H 

(1 

0 

0 

Anibrosiaceac': 

1 ^ 

10 

13 ' 

12 

00 

00 

2 

A inhroHia orfemi.vifolia !>. (raiiNNtrd) 

22 ' 

10 

12 

: 0 

00 : 

00 

84 i 


1 42 ' 

! 21 

! 10 i 

! 4 

d2 

SI 

70 


1 

i 0 ! 


i 0 


1 0 

1 

.•lm5rojoV/ L. (great ragw(‘<'.d) 

, 22 

i ~ 

' 1) 

1 0 

1 13 

12 

15 


\ 12 

; 

1 K 

I ‘1 

1 0 

2 

0 

Xnnfhitim peunglvaukum Wallr. (eockh- 
bur) ’ 

1 '' 

22 

1 42 

1 11 

0 

0 

: 0 

1 <' 

1 0 
i 45 
i 25 

1 5 

1 5 
: (P 

15 

15 

0 

1 11 
i " 

Astt'raceac: 

1 ^ 

, 43 

i 32 

1 12 

; 53 

• 11 

:■ 0 ! 

. lrfVi//m /(/p/m l>. (burdock ) 

1 22 

i 04 

i 

17 

1 74 

i 34 

1 20 

1 42 

1 73 

1 54 

20 

i 03 


1 i 


1 ^ 

15 

! 0 

53 

i 40 

! 1 

i d 1 

Pidens frondosu L. (beggarlicks) 

22 

, 17 

i 

3S 

i 04 


; 0 1 


,1 42 

IK 

0 

01 

1 05 

1 0 

1 0 ! 
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daisy) .. . 

i ^ 

1 22 

l| 42 

1 21 
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1 50 

71) 

71) 

70 

47 

02 

H2 

I 7S 

I H2 

! 3H 
! 2^ 

1 43 1 

' 4S ! 

; 30 i 

Cirxium arrenne (L.) Scop, [('ardnus 

1 s 

1 22 

i 21 

35 

20 

15 

10 

1 (i 

1 10 

1 ^ 

i ' i 

1 1 

are/ /nov L.j (Canada thisl le) 

1 1 42 

1 

' 20 

31) 

20 

i -1 

! 3 

: r ! 

Orindelia Kguurrosa (Pursh) Dunnl (gum- 
plant) 

1 ^ 

' 22 
\ 42 

1 31 

1 30 

! 42 

22 

11 

! 11 

5 

i ^ 

I d 

14 

i 0 

i 0 
i d 

' 0 i 

1 ‘‘ ' 


1 1 s 

i 44 

0 

1 d 

1 0 

1 d 

d 

Ifelknthu,'< nnnnua L. (wild suntiower) 

1 .1 22 

04 

i 

1 d 

! 0 

I d 

1 d 


1 42 

1 

d 

; 0 

! 0 

1 



i \ K 

! SO 

i 0 

H2 

40 

37 

! 37 

Ouapordum acanlhium L. (Scotch thistle) 


i 03 

0 

1)1 


42 

i 4 


il 42 

i 

0 

h7 

1 02 

32 
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I ^ 


30 

2 

! 53 

1 20 

! 

Pudheckia hir/a l>. (black*e> ed-susun) j 
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1 ' 

41 

2 

j 5K 
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1 42 
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; 51) 
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42 

iV.i 

21 

15 
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i 

0 1 
1) ! 
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0 ' 
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: 

0 I 
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21 

57 

10 

0 

0 

0 

0 

0 

(I I 
0 I 

0 i 

0 j. 

0 ! 
0 I 


" i 

0 ! 

0 I 

0 I 

0 I 
0 i 
0 ' 
<' i 

(i ; 
5:1 ! 
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12 I 
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1041 
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ce ni 

K3 

70 


4K 

;i5 


0 

0 

0 

u 

0 
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(I 
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0 

u 
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0 


0 

22 


0 

0 

0 
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I) 
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II 


0 


(I 
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0 

0 

40 

;io 

0 


'17 i>erceiit souiul sei'tis w<*r(' r(u*o\(>ml. 

‘ Inolude.s some hard seeds which were recovered and germinated after scarihcation. 

Hard seeds were not recovenul. 

* In addition, some hard seeds which gerininated after sciirilteation were recovered. 

^ In addition, 230 hard seeds were recovered from the 3 depths c.omt)ined. A 11 perminuUHi after searifieation. 
" Estimated, at>out 25 perwnt. 

' Only 10 fruits with 2 seeds each were buried at each depth. 

'Record of 25 sprouts evidently an error, perhaps due to root sprouts. 
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Most viable seeds of the hard-see(l(>(l h'gumes did not germinate 
until tli(' seed eoats were scarified to allow absorption of water, after 
whi(‘li germination followed quickly. When dug up in the fall of 
1941, the seeds of ragweed {Arnhrosia) did not gt‘rminate under green- 
house (‘onditions but, after the seeds in soil had been kept at 50° F. 
for about 2 months, germination was prompt. 

The s(‘eds of St. -Andrew ^s-cross {AHcyruin hypericoides) showed 
almost, no germination until the test of 1932, when an average of 12 
pei'cent of se'edlings was obtained from the three depths. In that test 
the flats wer e kept fe)r a long period ; the fimt germination of this species 
occurreel approximately 0 months after the seeds were elug up. This 
delayed germination is in extreme contrast to the behavior of morning- 
glory Upiymom lacuvosa), serHllings of which appeareel within 72 hours 
after- removal from burial in 1932. 

Fe)r many species there was a graelual e)r marked ele'crease of germi- 
nation in the' succe'ssive' te'sts; but others, notably poke'weeel {Phyto- 
lacca), jimsonweed (Datura), anei blae-k nightshaele (Solanum), main- 
tained a remarkably high germination pere*entage even after 39 years 
in the' soil. 

DISCUSSION 

It is worthy of note that the se'e'ds of crop plants having large se'e'ds 
did not j)ersist e'ven 1 year, /riie contrast within a spe'cie's is shown 
by the suiiflower {llclianthm) ) the seed of the' eriltivate'el str-ain diel not 
survive' 1 year, whereas 44 to 67 percent of the see'els of the' wile! sun- 
flowe'i* germinated after 1 year although they diel not grow the'i-eafter. 
Ev(*n after 39 years there was some*, viability of se)me e-ro]) plants, 
inedueling tobacc'o (Nicotiana), re'd clover {Trrfolium), ce'h'ry {Apium), 
anel Kentucky bluegrass (Poa). 

It is probable that the ability of seeels to pe'rsist in the* se)il is con- 
ue'e-teel with the physiological conelition known as ele)rmancy. The' 
type of doi-mancy involved woidel seem to vary in diffe'rent species. 
The s('e*els of morning-glory (Ipornoea) woulel a})pear to liave been 
inhibite'el from ge'rminating by a re'eluce*d oxygen supjdy, as they 
ge'rminateei imnu'ei lately when brouglit to the* surface, whe're'as after 
39 years in the soil the seeds of ragwee^l {Amhromi) and St .-Aneliow’s- 
e*ross {AHcprum) required a long period of pi-eparation or spee*ial 
treatment before germination started. 

Although the set'ds reported as retaining viability in dry storage for 
long periods have be('n in gi'iK'ral of the hard-seeded type, many of tlu' 
sj)('(‘ies report('d hei’e as g('rminating after 39 years in the soil are not 
liard-se(‘ded but have absorbed moisture while in the soil. Whih* the 
duration of this buric'd sc'ed test-did not equal the length of time that 
certain djy seeds hav(‘ retained their viability, the high germination 
percentage of s('('ds of jimsonweed {Datura), pokewt'ed {Phytolacca) , 
and black nightshade {Solanurn), after being buric'd in the soil for 39 
years, indicates the possibility that these specie's might persist in the 
soil even longer than the records for seeds in dry storage. 

Marked irregularities are apparent in the peree'ntages of germination 
of the same* spee-ies from different depths anel for succeeeling years. 
The'se differences may be* elue both to local dift'ere'nces in environment 
indirectly brought about by the activity of ants and earthworms 
already noted and to actual disturbance' of the seeds by these organ- 
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isms. The record of survival of some seeds of a species may b(‘ of mor(^ 
sigriificarice than the germinatiou percentage'. Even though the 
germination percentages from diflerent le'vels were ofti'ii very irregu- 
lar, tin* general tt*ndency has been foi* the seeds from the depth of 8 
inches to germinate less than those from tin* depth of 42 inches. Of tin* 
total numb(*r of seedlings obtained from 1903 through 1932, approxi- 
mately 27 percent were from tin* 8-inch, 34 perc^ent from tin* 22-incli, 
and 39 per(*ent from tin* 42-inch level. This propoi'tion did not vary 
greatly for the difl'erent years. 


SUMMARY 

In tests to determiin* the viability of buri(*d seeds it was found that 
of 107 species buried in 1902, 71 grew after 1 y(*ar, Ol grew' after 3 
years, 08 grew aft(*r 0 years, 08 gr(*w after 10 y(*ars, 51 gr(*w after 10 
years, $1 grew aft(*i- 20 3n‘ars, 44 gi'ew afU'i* 30 years, and 30 grew^ after 
39 years. 

The following 10 species that grew in 1923 fail(*d to grow in 1932: 
Arnbnma trifida, Arctium lappa, Beta vulgaris ^ Brassica nigra, Cirsiurn 
arvense, Cy perns esculent us, Phleum praiense, Plantago rugelii. Poly- 
gonurn scandens, and Sporobolus airoides. Of tln*s(*, A. lappa, and 
l\ scandens shown*d soiin* life again in 1941, and 3 species that grew in 
1932 (Ascyrum. hypericoides. Polygonum pensylvanicum, and Bhus 
glabra) had failed to germinate in 1923. 

Tin* following 10 species that grew in 1932 fail(*d to germinate in 
1941: Cassia marilandica, Phalaris arundinacea , Plantago major, 
Polygo nu m peiisylvanicum , P. persicaria , Portulaca oleracea . Seta via 
lutescens, Thlaspi arvense. Trifolium hybridum, and T. repens. 

The 10 spe(*ies, r(*presenting 10 plant families, having the highest 
percentage* of germination in 1941 (more than 15 per(‘(*nt fi'om at 
l(*ast OIK* depth) w(*re Abutilon theophrasti , Ambrosia artemisiiM^^^^^^^ 
Convolvul us sepiurn, Datura stramonium, ] pornoea lacunosa, Lespedeza 
intermedia, AHcotiatta tabacum, Oenothera biennm, Onopordurn acan- 
thiuni, Phytolacca americana , Potentilla norvegica, Hobinia pseudoacacia, 
Rudbeckia hirta, Solanurn nigrum, IHfolm^^ p/utense, iiud]\abascum 
thapsus. Of the 20 oth(*r species that show(*d some* life* afte*r 39 
ye*ars, 18 sp(*cie*s had not more than 0 p(*rcent of ge*rmination at e*ither 
elepth. 
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CHECKING OF FRUITS OF THE DEGLET NOOR DATE IN 
RELATION TO WATER DEFICIT IN THE PALM* 

By W. W. Aldrich, principal pomologist, J. R. Furr, physiolopisl, C. L. Craw- 
ford, senior scientific aide, and D. (;. Moork, senior scientific aide. Division 
of Fruit and Vegetable Crops and Diseases, Bureau of Plant Industry, Soils, 
and Agricultural Engineering, Agricultural Research Adndnistralion', United 
States Department of Agriculture^ 

INTRODUCTION 

Miiiiitc cracks in tlii' surface of fruits of tlic date (Phocnii ilacfy- 
l\fera L.) may appear during tin' summer after a period of rain or 



P'kiurk 1. ('becking on fruits of the Deglet Noor date on August 10, 1942’ 

A, No visible checking; B, moderate amount of checking; C, severe checking, 
typical of tliat which develops into blacknoso. Tlio checks on fruit C and on 
the left edge of fruit B are 4 to 5 days old; the cliecks in tlie middle of fruit B 
arc only a few hours old. 

high relative humidity (fig. 1, H). Sueh ei'aeking, known hy Ctdi- 
fojTiia date growers as elu^eking, has been obs(*rv(‘d on fruits of most 
varieties. ()ii the' Deglet Noor variety sueh eliec'king, if s(*V(M;e 

^ deceived for jiublication July 20, 1944. This study is pait of a cooperativt* 
nrsearch program of tlie Bureau of Plant Industry, Soils, and Agricultural Kngi- 
necTing, U. 8. Department of Agriculture, and the ()flic(! of Indian Affairs, 
iL 8. Department of the Interior. 

- (Irateful appreciation is e.xpressed to William A. Dollins, formerly of this 
Division for assistance with tlie field work at the Martinez Indian Keservation 
and to II. li. (-avanagh and Kenneth Peck for the us(* of parts of their commercial 
gardens for field plots. 
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Fifu HE 2. — A~ C\ Radial loiigisectionK througli epidermal and hypoderirial cells 
of Deglet Noor fruits approximately JO hours after minute cracks appeared. 
Note in A the minute crack in the cutinous layer, extending into an epidermal 
cell; in Li (he ru{)tured epidermal cell, with the extended hypodermal cells 
just below; and in C ruptured cells in Jiypodermal as well as in epidermal 
layer, Cl^hotomicrographs by K. M. Long.) 
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(fig. 1, ( 7 ), may evoiitually cause a darkening and shriveling called 
blacknose. The minute cracks constituting the cluM'king start in 
the epidermal cells and involve initially only two or tlir(‘e layers of 
hypodernial cells (fig. 2). S(‘vere checking and l)lacknose of ‘beagle t 
Noor appreciahly re(hic(‘ tlie total production of mark(‘tahle fruit 
in the Coachella Vall(\y of California, in about 1 out of ('veay 5 y(‘ar*s, 
and in some locations they lowca* tlu^ commercial gradir of part of 
the crop almost (^very yi'ar. 

Susceptibility of beglet Noor fruits to checking ceases when the 
fruits reach full size and the color chang(\s from y(‘llo\v ish grcaai to pink. 
ThereafbT, whih' the fruits ar(‘. pink (th(‘ khalal stage), rain injury is 
manifested either by a splitting, called tc'aring, or by many long but 
narrow cracks, which will be referred to as khalal cracking. 

Pathological studies r(‘|)orted by Klotz (6') and Fawcet t, and 
Klotz (S) indicated that no micro-organism was I’csponsible for 
blacknos(‘, but that showej-s or periods of high humidity might be 
involved. An increase in ch('cking or blacknos(‘ after latc'-spjing or 
early-suminej’ bagging of branclu's was obsei v (hI l)y Nixon (P). Klotz 
(6*) was aide to produce, khalal (‘racking by placing stj*an(ls of fruits 
in chambevrs at 100, 89.9, and 80.5 perc<‘nt humidity. In a compj*(‘- 
luMisive study of checking, Haas and Bliss (5) found that covering 
fruit bun(*h(‘s with pap(‘r tubes during the' pcTiod of fruit suscepti- 
bility to checking incnaiSinl this injury and separating llu' strands 
to fa(*ilit.at(Miir circulation r('duc(al it. LatcT Nixon and Crawford {10) 
showed that reducing the number of fruits pcM* bunch, eithei* by re- 
moving flowers at time of pollination in March or by riunoving fruits 
on dune 1 increased both checking and blacknosc'. 

To obtain a b(‘tt(‘r understanding of tlu‘ aedion of water in the 
development of ch(‘cking on l)('glet Nooi* fruits, studies wer(‘ con- 
ducted at the United State's Date Carden, Indio, (ddif., from 1938 to 
1941, to ascertain: (1) Period of fruit susc(‘ptibility to checking as 
determined l)y immersion of detached fruits in wat('r; (2) relation of 
checking to wat('r intake' l)y detaclu'd fruits imme'rse'd in wate'r and 
in sucrose se^lutions; (3) etlVct upon che'cking of varying the water 
supplied to detached strands of fruits; (4) e'ifect u])on (‘lu'cking of 
various water-vapor-pre'ssure eh'ficits of aii‘ sunounding fruits on 
the' palm; (5) rate of ti-anspiration of fruits on the })alm; and (6) the 
degree' of checking of fruits on the palm in relation to appreciable 
water deficits in the palm. The re'sults of the studie's ai*e' reported 
lu'reln. 

RESULTS 

PERIOD OF FRUIT SUSCEPTIBILITY TO CIIECKINC 

Since both Nixon (.9) and Haas and Bliss (5) were able to cause 
Deglet Noor fruits to check by immeu-sing them in water for 24 to 
48 hours, a modification of this teehni(|ue was iise'd to determine the 
period of fruit susceptibility. During the summer fruits were re- 
moved weekly from the bunch between 6:30 and 7:30 a. m., and within 
an hour they were immersed in wate'r at 26° to 30° (\ The severed 
vascular tissues were not sealed. At the e'lul of 4 hours the fruits 
were removed and wiped dry, and their surfaces were examined for 
minute cracks. 


^ Italic numbers in parentheses refer to Literature Piled, p. 231. 
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Preliminary work in 1938 showed that the fruits were susceptible 
to checking throughout July and during part of August and that 
susceptibility decreased at about the time the fruit reachecl maximum 
size and the color changed from y(‘llowish green to pink. These 
r(‘sults are in agreement with those of Nixon (»9) and of Haas and 



Figure 3.— Date fruits checking after different periods of immersion, in weekly 
samples, 1939: A, From United States Date Garden; B, from Gavanagh 
garden. 

Bliss (5). To determine the time or stage of fruit development at 
which susceptibility starts and also the effect of the length of the 
period of immersion of the fruits on checking, fruits (60 in each 
sample) were collected at weekly intervals in two locations in 1939 
and in three locations in 1940. To avoid the inclusion of fruits of 
widely divergent stages of development, all fruits were obtained from 
bunches pollinated at approximately the middle of the pollination 
period. In 1939 the fruits were from bimches i)ollinated within 7 
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days of March 19; in 1940, from bunches riollinated within 7 days of 
March 1. 

In 1989 the fruits were examined after 2, 4, 24, and 48 hours of 
imiiKTsion. Since ch(H-king after 48 hours of immersion was about 
the same as that after 24 hours, immersions for 48 hours were discon- 
tinued in June. As sliown in figure 3, immersion for 2 and 4 hours 
showed about tlie same j‘elation between extent of checking and time 
of collection during the summer. Immersion for 24 hours caused all 
the fruits to check several weeks before the maximum che(*king was 
observed for the 4-hour* immersion. The 4-hour period of immersion 
was therefore selectcal for determining degi*ee of susceptibility dui'ing 
the summer. 

In figure 4 arc' jirc'sc'uted the degree-of-siisceptibility curves for 
fruits dui’ing 1939 and 1940 from the conti*ol (plot A) of each of 
s(‘vei*al series of irrigation plots in three loc.ations. Tlie dips in the 
susceptibility curves in July 1939 may have been the I'esult of high 
maximum temperatures, which at tlie United States Date Garden 
1 ‘anged from 43° to 48° C. between July 8 and 14. The slightly earlier 
])eriod of susceptibility to checking there' than at the Cavanagh gar- 
den is probably related to the earlier fi*uit development and maturity 
at the United States Date Garden, whi(*h is the warmer location. An 
alinormally low set- of fruit at the Cavanagh garden in 1940 resulted 
in a much lighter ('lop than at the othei* two locations; this lighter 
crop may have causc'd the indicatc'd grc'ater sus(*eptibility of tlie 
Cavanagh fruit to checking after the 4-liour immersion in water. 
The dips in the curves for checking in early July 1940 coincide with a 
pc'riod of 13 consecutive days of maximum air temperatures of 43° or 
more. The time of termination of the period of susceptibility in each 
of tlie three locations corrt'sponded to the time at which fruits attained 
full size and changed in color from ^adlowish green to pink. 

The period of susc(‘ptibility to checking in relation to fresh and dry 
weights of the fruits is illustrated in figure 5. The 10 to 40 percent 
checking during ffune occurs at the stage in fruit enlargement when, 
according to Long (7), cell enlargement in tlu' apical I'cgion is nearly 
complete. Tlu' 70 jiercent or more checking beginning at the end of 
June coincides with the period when C(‘ll enlargetiK'nt in the median 
region is about (completed. Thus the susceptibility to checking, which 
is confined to the apical and median regions (fig. 1), may be due to 
lack of elasticity of walls of cells which have ceased enlargement, or 
possibly to a reduction in the plasticity of the cuticle overlying the 
cells that have stopped growing. Maximum susceptibility to check- 
ing occurs while the fruits are approaching maximum size, growth 
being largelv the result of enlargement of cells in the basal region 
(5,7). 

In all five cases where weekly fruit samples were obtained, the rela- 
tively abrupt termination of the period of susceptibility to checking 
was associated with the cliange from an increase in total amount of 
water per fruit to a decrease in total amount of water per fruit (fig. 
5, C), This would be expected to result in a reduction in the turgor 
of the fruit as a whole, wdiich wmuld lessen the strain on the walls of 
the peripheral cells and cuticle, as suggested by Haas and Bliss (5). 

When the period of susceptibility to checking ceases, the fruit 
becomes susceptible to khalal cracking and to tearing. Tearing is 
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APRIL MAY JUNE JULY AUGUST SEPTEMBER 


Figure 5. — Susceptibility of dates to checking in relation to normal development 
of the fruits in Cavanagh plot B, 1940: Ay Fresh weight per fruit, dry weight 
per fruit, and percentage of fruits checking; By percentage of water; C, rate of 
increase or decrease in water and dry weight per fruit. 
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the formation of a few long, deep eraeks involving mesocarp as well as 
epidermal and hypodermal cells. In the severest form of tearing the 
out(‘r mesocarp sepaj*at(\s from tin* inmn* mesocarp and rolls back. 



Fkjttre 0. — Chaiige in weiglit per date fruit during different periods of immersion 
in sucrose solutions of various molal concentrations: A, Fruits immersed at 
11 a. m. on June 15; fruits immersed at 7 a. m. on June 16. 


This change in manner of rupture of the fruit may be related to other 
developmental changes in the fruit. The rapid increase in dry 
weight per fruit, shown by Haas and Bliss (5) and by Rygg to be 

* KyGG, G. L. GOMPOSITIONAL CHANGKS in the DAI’K FRirr during growth 
AND ripening. U. S. Toch. Bui. 910. illus. 1946. 
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almost entirely due to suerose accumulation, has begun. This may 
result in a large increase of osmotic pressur*e of the cell sap in the 
mesocarp region of the fruit, which will iiu'rease the potential turgoj* 
of the (ylls if their walls ntT no longer* capable of appr(M*iable sircdch- 
ing. Sinc(^ at t his time the inner mesocarp (‘ells hav(^ attained {hoir 
maximum length, accordirig to Long (7), it is likely that V(u-y little 
stretching of cell walls can occur. Tlu' susc(‘ptibility to tiairing c(‘ases 
when the fruit tissue Ix'gins to soften, at which stag(‘ the cells appar- 
ently lose their S(unipermeability. 

RELATION OF CHECKING TO WATER INTAKE OF DETACHED FRUITS IMMERSED IN 
WATER AND IN SUCROSE SOLUTIONS 

]n a ivreliininaiy estimation of tin' diffusion-picvssun^ dellcits in th(‘ 
fruits in llktS, fruits colh'cti'd on Jiiiu* VA were iinmcvrsed in sucrose 
solutions of O.T), ().(), 0.7, 0.8, 0.9, and 1.0 molal concc'iitrations. At 
t he end of 2 hours fruits in all solutions had incr(‘a,sed in weight about 
0.07 gm. per fruit. On June 15 fruits WTre iniiiKU’sed at 11 a. in. and 
on June 16 at 7 a. rn. in sucrose solutions of 1.0, 1.5, 2.0, 2.5, and 3.0 
molal concentrations and then weighed at intcuwals for 24 hours. 
As shown in figure 6, fruits in 1.0 molal conccuitrat ion increased in 
weight, while those in 2.5 and 3.0 molal (‘()n(‘(‘ntrations d(H*reas(Rl in 

W(‘ight. 

On th(‘ liasis of thes(‘ ivsults, lots of four fruits W(‘re collect ( mI 
weekly befoi*(‘ 7:30 a. m. and immersiHl 4 hours in sucros(‘ solutions of 
1.1, 1.3, 1.5, 1.7, and 1.9 molal concditrations, as well as in water. 
The numbers of fruits developing checking are given in tabh* 1, and 
th(» averjige changes in weight are shown in figure^ 7. 

Although fruits immersed in 1.5, 1.7, and 1.9 molal sucrose solu- 
tions consistently decreased in Aveight, they developed checking 
iK'arly as readily as fruits which increascMl in W(‘ight in wati'r. Thus 
checking was not necessarily a(‘compani(Hl by increased absorption 
of water by tin' fruit as a whole, although it probably resulted from 
water movement, into c(M*tain cells to the exttuit that the increased 
turgor caustMl a rupture in the cutinous laytu* and in the epidermal 
and hypodermal cells. The nJatively slight changt^s in weight of 
fruits immersed in 1.1 molal sucrose solution indicate that fruit 
collected in the early morning during July and August developed as 
a wdiole a difl’usion-pressure deficit of about 30 atmospheres. 

Table 1. — Effect eff concentration oj suer one solulion upon number of fruits showing 
checking after immersion for Jf hours 

[4 fruits in each lot] 


Fruits devi'loping elieckiiip, for ea(;h collection date 


Type of solution 


July 



August 


iS(‘ptember 

7 

14 

21 

28 

4 

n 

18 

25 

8 

15 

22 


Nil VI- 

Nurn- 

Num- 

Nvm- 

N urn- 

Num- 

Num- 

Num- 

Num- 

Num- 

Num- 


f)sr 

her 

her 

her 

her 

her 

her 

her 

l)er 

her 

her 

W'ater 

4 

4 

4 

4 

A 

A 

3 

2 

‘2 

(') 

(') 

1.1 molal . . , „ - 

0 ' 

4 

4 

1 

4 

4 

4 

2 

0 

0 

(') 

1.3 molal- 

ti 

A 

4 

3 

4 

3 

3 

0 

0 

d 1 

0 

1.5 molal -- - 

4 


3 

4 

4 1 

3 

i 2 

0 

0 

0 

1.7 molal. 

3 1 

4 

4 , 

4 

4 

! 4 1 

3 

1 d 

0 

0 

0 

1.9 molal 


4 

4 

4 

4 

1 4 1 

1 

3 

(1 

0 

0 

0 


• Fruits developed tearing. 



220 Journal of Ayricultural Research voi. 72, No. r. 



Figure 7 . — Change in weight per date fruit after 4-hour immersion in water or 
in sucrose solutions of various molal concentrations. 
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For fruits immersed in water tlie trend for inereasing amount of 
water absorption from June 23 to July 14, but decreasing amount of 
water absorption aft(u- July 14, is probably related to the relative pro- 
portion of the fruit in which cells were enlarging rapidly. The June 
23 to July 24 period coincided with the period of most rapid fruit en- 
largem(‘nt, during which Long (7) observed cell enlarg(unent through- 
out the fruit. After »luly 4, when fruit enlargement became pro- 
gressively less rapid, cell (‘nlargem(‘nt was found to be confined In the 
basal part of the fruit. Thus it seems likely that the hydration 
capacity of actively dividing or enlarging mesophyll cells is greater 
than that of fully enlarged cells. 

Morning and aft(‘rnoon collections of fi-uits on August 23 were im- 
mersed in water and in sucrose solutions (table 2). After immersion 
the fruits in the morning collection showed some checking, but those' 
in the afternoon collection showunl little or none'. Since the fruits 
normally shrink appreciably during the day (c^), tlu'y presumably 
have a lower wate'i* contc'ut in the afternoon, so that a smaller water 
supply within the* fruits in the afternoon than in tlie morning may have 
pn'vented (diecking. This ('videmu' is interpreted as substantiating 
a c.oncc'pt that watc'r witliin the fruit moves into th(* pe'riphe'ral cells 
which develop th(‘ exc(‘ssiv(‘ turgor that causes chc'cking, while th(' 
('ffect of th(' solution sui*rounding the immersed fi*uit is largely to r('- 
duce the rate of diffusion of water out of th(' fruit and to allow ac’cumu- 
lation of water in tin* peripheral n'gion. 

Table 2. Efect of time of collection upon nmuber of fruits showing checking after 
itu tuersion in water or sucrose solutions 

[4 fruits in each lolj 


Imnicr.sion pfiuxi and colN'clion linn 


4 -hour immersion ; 
7:5(Mo HMT) a. Ill . 
2;4() to 2:/)0 p. m 
24-hour immersion; 
7;r)0 to 8:15 a. m_- 
2:40 to 2:.50 p. in _ 


A consideration of tlie probable magnitude of the vapor-prt'ssuiT 
gradient of water from epidermal cells of the fruit to the outside air 
gives plausibility to this (*xplanation cf checking. If the (‘oncentration 
of sap in epidermal cells at zero turgor is assumed to be 2 molal, the 
temperature of fruit and air to be 25° C., and the relative humidity of 
outside air to lie 50 fiercent, then the water-vapor-pressure gradi- 
ent from the cells through the cuticle to the air might amount to 
about 10.89 mm. Hg (22.77 mm. for vapor pressure of cell sap minus 
11.88 mm. for vapor pressure of outside air). With siich a vapor- 
pressure gradient, causing water to move from the epidermal cells 
to the outside air, the water vapor might be expected to move 
through the relatively impervious cuticle at a rate', great ei* than that 
at which water might be moving from the interior of the fruit to the 
epidermal cells, and the cells would not develop an excessive turgor. 
However, when the fruit is immersed in a 3.0 molal su(*rose solution, 
the water-vapor-pressure gradient from epidermal cells to tlie outside 


Fruits that dovidopcil rhecking in indicated solution 
\Vutt>r ! 2.0 niolul i H.o molal 4.0 molal I rxO molal 1 0.0 molal 


Xtimfur ; Xumher | Stnnher 1 Xvvihtr 


3 

0 ! 


3 

0 I 


Xiinihn I Xiinihn 

1 I 1 

0 I 0 
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solution might initially be about 0.59 mm. Hg (22.77 mm. minus 
22.18 mm.). Then the rate of water movement from the epidermal 
cells to the outside solution might become slower than the rate of 
movement from the interior of the fruit to such cells, resulting in 
excessive turgor and checking of the epidermal cells. 

Additional evidence that water within the fruit may cause the 
checking was obtained by a simple experiment. Three lots of 20 
fruits each were collected in early morning, and the perianths of all 
fruits were sealed with melted paraffin. One lot was dipped in melt ed 
paraffin to seal the entire fruit surface and then was exposed to labo- 
ratory air; tlu^ second lot was immersed in water; and the third lot 
was left with tlje fruit surface^ (‘xposed to laboratory air. At the end 
of 4 hours all fruits completely (*overed with paraffin w(‘r(' checked 
as much as tin' fruits immersed in water, but the fruits with their 
normal surface* (‘xposeul to air showed no checking. Tlius, preventing 
water rnoveunent out of the turgid fruits without allowing wat.ei* 
movement into the fruits resulted in checking. 

EFFECT UPON CHECKING OF VARYING THE WATER SUPPLY TO OETACHED STRANDS 

OF FRUIT 

To investigate furtln'i* the ndation to (‘becking of watiu* sui)])lied 
to tin* fruits tlirough the vascular syst(*m and of water vapor in the* air 
suri'ou riding the fruits, the basal end of a detached sti'and of fruit was 
connected to a wat(*r supply from a liur’ette* while another deta(*h(*(l 
strand was l(*ft without this supply of wat(*r. The two str*ands w(*r(‘ 
then suspernh'd with tin* fruits of both (‘rn‘l()sed in the same* chamber 
for () to 8 hour’s. Two such chamber’s wn*re used in (*ach of twn) (*xperi- 
ments. In the first exp(*riment the air in chamb(*r 1 was maintained 
at about 76 p(*rcent r(*lativ(* liumidity by passing into it air wvhie’h 
had bubbled through a S(*ri(*s of saturat(*(l solutions of sodium chlor’ide*; 
tin* air in chamb(*r 2 was maintairu*d at 100 p(*r(‘ent r’(*lative humidity 
l)y war’ll! wat(*r in tin* bottom of the chamber. The second (‘Xperinn'nt 
w as similar’, excetit that in cliamln*!’ 1 tin* air was maintained at aliout 
95 p(*rccnt r(*lativ(* humidity by passing tin* air through a series of 
satur’ated solutions of Na 2 HP 04 .r 2 H 2 (). The air t(*mperatures were 
about 25° C. The perc(*ritag(*s of fruiits devedoping checking are 
given in table 3. 

Tabi.k 'i. Effects of water supply to a sfrarul of detached fruit and of relative 
huruidity of the surrounding air upon the percentage of cheeking ^ 1938 


DiiU' and relative hninidily of air 
surrouiidi?ig fruits 


July 17: 

76 pOTCont . 

Do 

100 iMTCcnl 
Do 
July IH: 

95 iK'rwnt^ 

Do 

100 taTOont. 
Do 


Strand with or without walor supply 


With. _ 
Witlmul . 

W^ith 

W'^ithout 

With 

Without.. 

With 

Without 


Fruits 

Fruits 

por straiKi 

chockinfi: 

Numhn 

perenit 

10 

00 

9 

0 

24 

KM) 

24 

40 

10 

1(K) 

11 

0 

23 

100 

24 

21 


The fact that where water was supplied to the strand checking oc- 
curred while tin* fruits were in air at 76 p(*rc.ent relative humidity 
indicates that the c'xcessivc tiu’gor of the peripheral cells can develop 
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with the vapor ])rossurc' of the water in the air suri-ourKling the fruits 
less than the lowest possible vapor pressurt* of water in the cell sap, 
provided the supply of water from the strand to the fruits is relatively 
great. The gri-ati'r checking shown by fruits on strands supplied 
with water than by those on strands not supplic'd witli water, with the 
same relative humidity of the surrounding air, shows that the avail- 
ability of watiu' to the fruits from tin* strand is an important factor in 
causing ch(‘cking. 

EFFECT UPON CHECKING OF V^APOR-PRESSURE DEFICIT OF AIR SURROUNDING 

FRUITS ON THE PALM 


Although all fruits on detached strands su|)plie(l with wat('r d(>- 
velopcd checking when expos(>d to ail' at 05 p(>rc('nt relative humidity, 



FKiv iiE 8. A])})ara(us for passing air of ai>proxiiiiatoly constant wator-vapor- 
jjrcssiirc deficit ov(‘r date fruits on t Ik* palm. 


additional work was nt'ccssary to (UdiTniiiu' vvlH'tlu'r fruits on th(‘ palm 
would be equally susceptible to checking. This detiM'miuation necc's- 
sitated a teclini(|ue that would maintain tipproxiimilely constant rela- 
tive humidity of air under field conditions, d(‘spit(‘ the watei* from fruit 
transpiration and the fluctuations in outside air tcunperatures. The 
apparatus used is shown in figure 8. 

Air was forced by a pump capable of moving 4.8 cubic feet of air 
per minute against a pressure of 10 pounds through two paraiiel lines. 
In one line th(». air was saturated with wuiter by bubbling it through 
w^arm water; in the other line the air w^as dried by jiassing it tluougli 
sulfuric acid. These two air streams wuue tlum mixed, and by regu- 
lating the relative volumes of air through the tw'o lines thi^ water-vapor 
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content of the ultimate mixture was adjusted. This final air stream 
was passed into a chamber enclosing one strand of fruit and was 
allowed to escape through a tube in the cover. As the escaping air 
stream had a velocity exceeding 10 feet per second, a wet-bulb ther- 
mometer suspended in this escaping air stream gave reliable values. 
Since the pressure drop from the inside of the chamber to the outer 
end of the tube in the cover was very small, the water-vapor-pressure 
deficit of the escaping air stream was probably within ±0,2 mm. Hg 
of that of the air around the fruits. Fruit temperatures were assumed 
to approximate closely those of the dry-bulb thermometer in the air 
stream. In spite of frequent adjustments of the wet- and dry-air 
streams, sudden changes of 2® to 3° C. in outside air temperature 
occasionally caused temporary fluctuations of 1 to 1.5 mm. in vapor- 
pressure deficit of the air surrounding the fruits. Generally, however, 
wet- and dry-bulb thermometer readings were kept within ±0.3° 
of the desired temperature difference so that vapor-pressure deficit of 
the air stream was maintained within about ±0.6 mm. Hg of the 
desired value. No checking developed on control fruits outside of 
the apparatus during any of the runs. The percentages of fruits 
that developed checking in the controlled air stream are given in 
table 4. 


Table 4. — Effect upon the percentage of fruits checking of water-vapor-pressure 
deficit of air around fruits on the palm 





Approxi- 

Approxi- 

Fruits 

exposed 

Fruits 

checking 

Run No. 

Date 

(’lock time 

vapor- 

mate 

relative 




deficit 

humidity 


]9S9 


Mm. Hg 

Percent 

Number 

Percent 

l-A. 

j.hily 27-28 

f7 p. m.-lO p. m . 

1.4 

90-95 

22 

32 

1-B 

13 a. ni.-Oa. m 

1.4 

9.V-94 

42 

40 

2-A 

) 

[3 p. m. -0 p. Ill 

1.4 

90-95 

5.5 

0 

2B 

iAug. 1-2 

I 7 p. m.-io p. m 

1.4 

90-95 

53 

0 

2C 

|3 a. m.-« a. m . 

1. 4 

9.5-94 

.59 

0 

21) ' 

J 

[7 a. m.-9 a. m 

1. 4 

9.5-94 

25 

100 

'A\ 

jAug. 2-3 

nOp. m.-lOa. m 

1.4 

9(>-94 

28 

32 

;v B 1 

17 a. III.- 10 a. m 

1.4 

9.5-94 

25 

88 

4-A 

4-B ' 

|Aug. 3-4 

(7 a. m.-lO a. m. 

14 a. 111 . -10 a. rn 

2.8 

2.8 

92-91 

92-91 

29 

55 

24 

42 

5- A ..... 

5-B 

jAug. 8-9 

fO p. m. -(*) a. Ill 

112 p. m.-O a. m 

2.8 

2.8 

92-91 

92-91 

19 

20 

0 

0 

(l-A 

O-B. 

|Aug. 9-10 .. 

jo p. m. Oa m 

112 p. m.- ft a. m. . ... 

1.2 

1.2 

90-95 

90-95 

24 

27 

0 

0 

7-A._ 

7-B 

}Aug. 10 11 ... 

jop. ni.-Oa. rn 

112 p. m.-Oa. m . .. 

.0 

.0 

98 

98 

28 

28 

30 

18 


19W 





8-A. 

H B 2 

}july 12-13 

0 p. m.-O a. m j 

{ 

97-90 

50 

10 

84 

90 

9- A 

9-B2 

buly l.'l-ifi .... 

... ..do .. j 

j 0.5 1.0 

1 

98-90 

54 
10 1 

90 

100 

10- A 

lO-B 2 

Jjuly 10-17 

do . . - 

1 3. 0 

91-90 

53 i 
11 1 

52 

100 

n-A - 

11 B 2 . 

Jjiily 23-24 

do .. 

1 3. 0 

91-90 

54 ! 
9 

93 

100 


> Strand severed from bunch, but fruits were inside the chamber as in other runs. The cut end of the 
strand was supplied with water under a small force. 

2 Strand left attached to palm, but fruits were inserted in a thermos jug in still air. 


The exposure of fruit on the palm to air with a relative humidity of 
91 to 96 percent did not cause any checking during some nights, but 
during others it resulted in the checking of as many as 93 percent of 
the fruits. However, when the strands were severed and supplied 
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with water (runs 2 to 4), the cheeking of fruits was grc^ater on these 
severed strands than on those still connected to tlie palm. This 
indicates that the water-vapor-pressurc' d(‘ficitof the air was lowc^nough 
and the i)eriod of exposure long enough to (‘aus(‘ (‘becking, but the 
water supply from the palm to the fruit was not adequate'. However, 
when W('ather (‘onditions with high redative humidity cause clu'cking 
of fruits, the rate of water movement out of the leaves as well as out 
of the fruits is reduevd to the extcuit that the turgor of the palm 
as a whole is inerc'ased sufficicuitly to increase the supply of water 
from the palm to tin' fruits. Sint'c the effects of weather conditions 
upon the turgor of the palm may have persisted for sev(U-al days, it 
was not possibh'. from tin' weatlier records available to ]*elate the i*esults 
in this c'xpc'riment to weather except in the most general terms. 
Apparc'utly cloudiness and a maximum air tempt'rature under 40° 
C. during the day preceding the night of the run favored the devel- 
opment of (‘In'cking, whereas (‘lear skies and t('mperatures of 42° 
or more during tin' clay preci'ding tin' run were unfavorable for 
checking. 

When fruits on a strand attached to tin* palm were ein'losed during 
the night in a tln'rmos jug (runs 8 to 11), by morning droplets of water 
W('r(* scattc'red over the inner surface' of the jug and over the surface* 
of the* fruits, apparently as a re'Siilt of transpiration and a decrease in 
temperature of the air within the jug. The fact that there was more 
che'cking of fruits in the jug than of those in the air stream slioweel 
that for the* same water supply from the palm to the fiaiits a reduction 
in water- vapor-pressure defie'it of the air surrounding the fruits from 
al)out 1 mm. Tig to appioximately 0 inert'ased the y)er(‘entage of 
fruits developing checking. Thus, tlu'se iTsults t('nd to (‘onfirm the 
hypotlu'sis that any condition that favors incrc'ase in turgor of tin* 
cells of the peripheral region, either by reducing water loss from the 
fruits or by increasing translocation of water into the fruits, favors 
checking. 

RATK OF TRANSPIRATION BY FRUITS ON THE PAUM 

The evidence indicating that ch('cking tendc'd to be incn'asc'd by a 
r('lativi'ly slow rate of wat('r lo.ss from tin* fruits prompted an attempt 
to nn'asure the rate of transpiration by fruits on the palm. In 1939 
this was estimated by dett'rmining the cliffen'iicc' in moisture content 
between a stream of outsidi* air after it had passed over two or more 
strands of fruits (60 to 70 fruits) in a shaded glass chamber and a 
similar stream before it passed over them. The air stream of 283 to 
340 liters per hour was sufficiently rapid to prevent large changes in 
tc'mperature or relative humidity of the air while in contact with tlu* 
fruits. The resistance to flow through the large-diameter, short inlet 
tube caused very little reduction of pressure in the chamber bc'low’ 
that of the outside air. 

Each air stream was drawn through ffc'xible copper tubing to a train 
consisting of (1) two gas washing bottles of concentrated sulfuric 
acid (in whieli the water vapor was absorbc'd and weighed), (2) a 
flowmeter (used as indicator of the rate of flow), (3) tw’^o gas w^ashing 
bottles of water (to saturate air with waU'r vapor), and (4) a wu't gas 
meter (to measure the total volume of air passing through the train). 
Pressures in the wet test meters were held practi(*ally coi;stant by 
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slight adjustments of iu*edle valves Ixd.ween the meters and the vaemim 
pump. Temp(U'atur('s and [)ressur(‘s in the inet(U’s were read at inter- 
vals and averaged for a run. Tlie observed volumes of air were 
corrected to standard conditions, and th(‘ average loss of water p('r 
fruit p(>r liour was (*alculated for each r*un. 

Th(‘ av(u*age transpiration rate of fruits on on(‘ palm in each of the 
irrigation plots A (control) and BC (appreciable water deficits in the 
palm from Juiu* 16 to August 17) at the United Stat(*s Date Garden 
was determiiuxl st^veral times during the summer for 24-hour periods, 
divided into six runs of about 4 hours each. The average transpira- 
tion per fruit p(‘r hour is shown in figur(‘ 9. Tht‘ observed transpira- 
tion rates of tlu' fruits in plot BC were (‘onsid(‘rably lower than those 
in plot A until after August 17. This indicat(‘s that whih^ ther(‘ were* 
appi‘(‘ciable water deficits in tln^ palm in plot BC, the rat(‘ of ti anspira- 
tion of the fruit was reduced by a limitation in the supply of wat(‘r 
from the palm to th(' fruits. During tluMlaytirne in duly and August 
th(' indicat(‘d avei*ag(‘ rat(» of transpiration was about 40 mg. of watcu* 
p(M* fruit p('r hour and was never found to excuxxl 60 mg. Thes(‘ 
valu(‘s are only sliglitly higher than those (*stimated by Haas and 
Bliss (5), bas(*d upon repc'ated weighings of detaiduxl, nearly rip(‘ 
fruits on Sept(‘mb(‘r 13, 1933. 

Th(' highest rat(‘ of transpiration in the 24-hour period was, as 
iniglit l)(‘ (‘xp(‘(*t(‘d, usually during tin* 4-houF pcuhxl at midday or 
during the (‘arly aftei’iiodn. From tliis maximum, transpiration 
decreascnl during the afbu'noon and night to a minimum during th(‘ 
(Xirly morning, at which tiirn^ air t(unperatui*(‘ and vapor-pn'ssurc^ 
deficit wxu*(' also at a minimurm After the relativcdy humid night of 
August 2 3, when th(‘ avc'iage rate of transpiration becanu' as low as 
6 mg. p(‘r fruit per hour, several large fruits on heavily thinned bumdu'S 
wer(‘ observed to devedop fresh (diecks at sunrise. 

The capaxdty of tianspiration by the fruits to incnaise the water 
vapor in tlu* air surrounding them ma.y be oiu* of the factors that (‘ausc* 
tin* (diecking. A l)unch of 1,000 fruits, ('aidi transj)iring at the rate 
of only 10 mg. per fruit p(‘r hour, could saturate 100 liters of still, 
dry air (at 25° C.) in 18 minutes. This emphasiz(*s the importance* of 
the results of Haas and Bliss (5) showing that conditions whiedi 
reduce the circulation of the air in the fruit bunch increase checking. 
How(*vei‘, when W(*athei* conditions j’educe th(‘ vapor-pressure deficit 
of the* air, transpiration by the leaves as well as by the fruits is re- 
tard(‘d. As point(*d out (*arli(*r, a retardation of transpiration by tlie 
leav(*s would be expected to favor checking of fruits by increasing the 
supply of water from the palm to the fruit. 

REDUCTION OF CHECKING OF FRUITS ON THE PALM IN RELATION TO APPRECIABLE 
WATER DEFICITS IN THE PALM 

The evidence thus far points to water deficits in the fruit i*esulting 
(*ithei' from a greater rate of water movem(*nt out through the fruit 
surface than into the fruit from other parts of the palm or from with- 
drawal of water from fruit by transpiring leaves as factors reducing 
fruit susceptibility to checking. Sinije appreciable water deficit in 
the palm resulting from soil-moisture deficiency should materially 
reduce water movement from palm to fruit and thereby increase water 
deficit in the fruit, such water deficit in the palm should reduce 
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checking. Several series of irrigation plots, described elsewhert* 
(/, 8 ), provided an opportunity to relate the p(*rcentage of fruits 
developing checking or blacknose to appreciable water deficit ip the 
palm resulting from soil-moisture deficiency. With the omission of 
irrigations in a certain plot, appreciable water deficits in th(‘ palms in 
that plot were indicated when the rate of leaf elongation became 0.5 
cm. or more per day Iowct than that of ri'gulariy irrigated palms 
(representing the commercial practice or ‘^controrO* After tlu^ 
i*esumption of irrigation of palms that had been showing appreciable 
water deficits, the rate of h^af elongation did not immediately increase 
to that of the control palms; but for this discussion the period of 
appreciabl(‘ water deficits will be considered as terminated when the 
period of soil-moisture deficieiuy tuided. Tlu* average' pe'rcentages of 
fruits in each plot showing cln'cking or blacknose (table 5) were based 
upon counts of fruits on two inside' and two outside strands on each of 
three bunches per palm pollinated at the peak of inflorescene'e euner- 
gence. 

Table 5. Effects of appreciable water deficit in palmSy as measured by reduced 

rate of leaf elongation belo w that in eontrol ploty upon percentage of f ruits sho wing 
cheeking or blacknose 
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i 

A 
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* Plot designations are those used in other publications (t,S) referrin^j to these irrigation plots. 


From tal)le 5 it is evident that in aM 10 plots where omission of 
irrigation caused appreciable ‘water deficits in the palm at any time 
from the middle of June to the early part of August the percentage of 
fi'uits that developed chtH'king was smaller than in comparable control 
plots. That period has already been shown (fig. 4) to correspond in 
1939 and 1940 to the developmental stages of the fruit when it is 
susceptible to checking. In the location used in 1938 the fruit re- 
mained susceptible to checking until after August 18. Therefore it 
is not surprising that the appreciable water deficits from July 30 to 
September 8, 1938, also reduced the percentage of blacknose. On the 
other hand, at the Cavanagh garden in 1939 and 1940 the periods of 
water deficits that started in August, just before the termination of 
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the period of susceptibility to eheckiiig, appeared to have* little or no 
effe(‘t upon the percentage of fruits dev(4oping checking. 

DISCUSSION 

Frazier {J^) and Brown and Price (2) found in the r(‘latively humid 
Eastern Stat(‘s that irrigation increased the (‘.racking of tomato fruits. 
Presumably the unirrigated plants developed appreciab e water def- 
icits during periods without rain. Werner and Diitt (14) redm'ed 
cracking of Triumph potato tubers by root cutting, which appariuitly 
reduced water supply from plant to tuber. 

The data do not show any indi(‘.ation that irrigation following a 
i-etardation in fruit growth during the period of normal finit suscepti- 
bility to che(‘king increas(‘d the teiuhuicy to clie(‘king, as obsc'rved by 
Frazi('r (4) in the cracking of tomato(*s. On the (‘ontiary, appn'ciabh' 
wat(‘r (hdicits during the first half of the period of normal fruit sus- 
ceptibility to checking in the date (plot B atCavanagh garden in 19H9 
and 1940), followcnl by rc^gular irrigation dining the lattc'r half of the 
susceptibility p(Tiod, r('sult(‘d in a smalha* {X'rcentage of fruits checking 
than in the control. Weekly sanifilino; of fruits showed that th(' water 
(h'ficit in plot B, as comparcal with plot A ((‘ontrol), riMluced the sizt^ 
of the fruit and the rat(‘ of dry-matt('r accumulation in the fruit 
during late August or during Sept (unber (7). Oonsi^piently, the w'atcT 
d(‘ficit in the palm in lat(‘ Jun(‘ and (‘arly July may have had sorm* 
])(Tsisting etfect upon th(' fruit wdiich causial it to b(‘ h'ss sus(‘eptibh‘ 
to checking after the n'gular 10-day iriigations had been r(\sum(‘d. 

The data showing less checking in detached strands of fruits without 
w^ater than in those supplied with water sugge^st that the appreciabh* 
wmter (hiicits in the palm resulting from soil-moisture (hdicituicy 
prevent checking by reducing th(‘ rate of w^ater movement from th(‘ 
palm to flu* fruits. The association of reduced chc'cking with tin' 
slightly lower rate of transiiiration in the comparison of plot BC w ith 
plot A (table 5 and fig. 9) is supporting evidence. Otln'r evich'uce. 
however, indicates that one or mon' factors otln'r than rt'duced rate of 
water moveunent to tin' fruits are also operative. Appn'cial)le water 
d('ficit,s in the palm as a rc'sult of soil-moist iir(* deficiency prior to tli(' 
middle of July were ('ffective in redining checking several weeks later, 
win'll a rc'sumption of irrigation had presumably provided a noi*mal 
supply of watt'r from the palm to tin' fruits. Sin(‘(' these' w^ati'r 
deficits also reduced the size of the fruits and retarch'd tin' rate' of dry- 
matter accumulation in the fruits during the late summer (7), it might 
be supposed that the wuiter dc'ficits ('fl*e(*tive in redining checking had 
a profound influence upon the physical and chemical condition of the 
critical peripheral cells. 

Ijong (7) observt'd that cell enlai'gc'inent in the im'dian rc'gions of the 
date fruit ('ontinin'd into July. Tln'refore, in the case of appreciabh' 
water deficit before tin* middle of eluly, the cells in the clistal partof 
the fruits may have remaiiieci smaller than those of fruits on palms 
without such water dc'ficit. With their rc'duced wall surface, suc‘h 
smaller cells would, if wall thicikness were Jiot affected, be expected to 
resist greater turgor pressures than larger cells. 

Since the period of fruit suscx^ptibility to c'hecking (‘oincides with 
the latter part of the period of fruit enlargement, the teiideucy of the 
walls of the epidermal and hypodermal cells to rupture may be 
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directly related to a strain on the walls while final fruit enlargement 
occurs, UvS Verner {12^ IS) suggested in the case of wStayman Winesap 
apples. The extension of peripheral cells during the longitudinal 
growth of the date fruit, whi(‘h has been ol)S(‘rved by Long (7), is 
shown in figure 2. By redinung the growth of cells causing fruit 
enlarg(uuent, apj)reciabl(' water deficits may rc'duce th(‘ forces which, 
by stretching tin' walls of the criti(‘al epidermal and hypoderrnal cells, 
make the cells more subject to rupture during abnormally high turgor. 
That susceptibility to checking is closely related to factors affecting 
dat(‘-fruit growth has already been pointed out by Nixon and Crawforcl 
(/t), 11), who found that fruit thinning that increased fruit size also 
increased chedving and blacknose. 

SUMMARY 

To h'arn more of the roh' of water in the checrking (a, type of crack- 
ing) of date fruits, the amount of checking of both detached fruits and 
fruits on tlie palm was studied in relation to the internal water supply 
of the fruit and to the water in the medium surrounding the fruit. 

Fruits detached from the palm in the morning developc'd checking 
after immersion in wat('r for 4 hours. Repetition of this test at wc'ckly 
int(‘rvals during tlie sumiiK'r showed that tlu' jK'riod of fruit sus- 
(•('ptibility to checking b(*gan in June and ended in August wlien the 
fruit color had changc'd fi*(mi yellowish gr('(‘n to pink. Tlu' rc'latively 
at)ru])t termination of the period of susceptibility to checking coin- 
cided wilfi th(' developmental stage at whicli the total wevight of water 
p(‘r fruit stoppc'd inen'asing aiul began to (h'crease. Wlu'n fruits 
detached in the morning were immersc'd in 1.5, 1.7, and 1.9 molal 
sucrose solutions, tlu' fruits decreased in weight but developed check- 
ing nearly as readily as fruits immersed in watc'r. The suggest(‘d 
explanation is that during immersion th(‘ rate' of wat(‘r movement 
from tin*. p('riph(*ral cells through the cuticle to the su(*rose solution 
was slower than the rate of water movement from the interior of tlu' 
fruit to these peripheral cells, resulting in (‘xcessive turgor and ruptur(‘ 
of the cells. Fruits collecti'd in the morning and eov('i*ed with paraffin 
check(‘d as much in air as comparable' fruits immersed in water, show- 
ing definitely that checking can occur without the' entrance of watc'r 
through the surface of the fruit. 

Wlien fruits on detached strands wen' exposed to air at relative 
humiditie's of 76, 95, and 100 percent, rcispectively, the (‘hecking was 
greater if water was supplied to the cut end of the strand. This 
indicated the importaiK^e of water movement to tlu* fniit through its 
vascular systc'm as a cause of checking. When the exposure oi 
fruits on the palm to air of a relative humidity of 91 to 96 percent did 
not result in as mu(’Ji cliecking as when the strand was severed and 
supplied with water, the checking of the fruit on the palm was ap- 
parently being limited by insufficient translocation of water from the 
palm to the fruit. 

The rate of transpiration of fruit during July and August was found 
to vary from a maximum of 30 t/O 60 mg. of water per fruit per hour at 
midday or early afternoon to a minimum of 5 to 20 mg. in the early 
morning. A generally lower rate of transpiration by fruit on a palm 
with soil-moisture deficiency than by fruit on a palm with adequate 
soil moisture indicated that with appreciable water deficits in the 
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palm tlic rate of movcmotit of water from the i>alm (o the fruit was 
roduood. 

In a series of irrigation plots, an increased water dc'fieit in th(' palm 
as a result of soil-moistui-e defieieney, in comparison with slight water 
deficits in adequately irrigated palms, invarialily reduceil the per- 
centage of fruits that developed checking, provided tlu' increase in 
water defied occurred (luring the period of fruit susceptihility to 
checking. This reduction in susceptihility of fruit to checking caused 
by appr(>ciable water deficits may have resulted from a iH'duction in 
th(! supply of water- from the palm to the fruit, a reduction in the size 
of cells, or a re'duction in the amount of stretching of the walls of 
peripheral ce-lls. 
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SPORIDIAL FUSION IN USTILAGO MAYDIS ‘ 

By Donald H. Bowman 2 

AHmsiani 'pathologist, Division of Cereal Crops and Diseases, Bureau of Plant 
Indusiry, Soils, and Agrirultural Engineering, Agricultural Research Adminisira- 
lion, United Stales Department of Agriculture, and foririerly graduate assistant, 
University of Wisconsin 

INTRODUCTION 

Cytc)logi(‘al and cultural investigations of Ustilago inaydis (DC.) 
Cda.'^ reportcMl in the literature have left certain phasc^s of the knowl- 
edge concerning sporidial fusion and nuclear phenomena in this 
species in state of conti‘ov(a*sy. Maire (10) ^ in 1898 siiggested that 
fusion of sporidia occuired in culture. H(‘ showed one illustration of 
fusion hut did not describi^ the nuclear condition. Later Sartoris ( 14 ) 
repoi-tinl the 0 (‘cu]’r(‘nc(‘ of sporidial fusion in culture but did not de- 
scribe or illustra((‘ th(‘ process. Seyfert (15) was unable to confirm 
th(^ work of Sartoris. llawilsclier (11) reported that the sporidia 
neith(‘r fused noi* form(‘d true mycelium but remained uninucleate. 
Haiuia (4j />. 45 O) studied tin' physiology and cytology of sporidia in 
l \ zeae and Sorosporium reUianum (Kuelin) Mc’Alp. and coneduded 
that . . it seems clear that the conditions which stimulati^ this 
process in nuiny other smuts are without ('fi‘(‘(*t on tlu' s])oridia of V. 
zeaef' Christ(*ns(‘u (;2) found it necessary to inoculate tlH‘ host plant 
with paired cultures in order to study segregation of sex factors. 
wSleumer (1(1) obtained sporidial fusion in culture between com])atible 
sporidia in U, zeae. His descriptions and illustrations of the process 
agree' essentially with those givt'n for othta* nu'mbers of the Ustilagina- 
ceae. 

In view of the conflicting and incomplete information cont aim'd in 
the lit(*ratui*(‘, the work reporte'd luTein was undertaken to deteimino 
(1) conditions conducive' to sporidial fusion in culture and (2) the 
nu(*le*ar Ixdiavior following fusion. 

MATERIAL AND METHODS 

The chlamydospore material of I stilago maydls usexl in this inve'sti- 
gation was colh'cted from inbreal lines of corn (Zea mays L.) grown at 
Madise)!), Wis. Sporidial cultures of monobasidiospore' (monospoiid- 
ial) origin were' useel and were establislu'd by taking single basidio- 

^ Keceive^el for publication Septeinbe^r 11, 1944. C4)operativc investigations of 
the Division of Cereal Crops and Dise^ase.s, Bureau of Plant Industry, Soils, and 
Ajyrricultural Engineerinju;, the Department of Plant Pathology, I iiiversity of 
Wisconsin, and the Ohio .Agricultural Experiment Station, Based on a thesis 
submitted to the Graduate School of tlie University of Wisconsin, in partial ful- 
fillment of the requirements for tlie degree of doctor of j^hilosojihy. 

2 Grateful acknowledgment is due Dr. J. G. Dickson for helpful suggostions 
and criticisms throughout the course of this invest igatiini. 

Its synonym, Ustilago zeae (Bcckm.) Unger, is used in many articles cited 
^ Italic numbers in parentheses refer to literature Chted, p. 242. 
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spores from the basidium (promyeelium) by the method described by 
Hanna (S). 

Stock cultures Were maintained on potato-dextrose agar. In the 
sporidial studies l-percent plain, j*efined agar medium or dilute 
malt-extract liquid medium was used. A malt-extract stock solution 
was prepared from freshly ground malt used at the rate of 10 gm. per 
100 cc. of distilled water. The extraction was carried out at tempera- 
tures of 40°, 50°, and 65° C. for successive periods of 10, 20, and 30 
minutes, respectively. The liquid was then decanted and autoclaved. 
A subsequent filtration to remove the precipitate occasioned by auto- 
claving was necessary if a clear liquid was desired. This stock solution 
was used at the rate of 1 part to 100 parts of distilled water, unless 
otherwise staled. 

Cultures of paired rnonosporidial lines weie prepared for study on 
ordinary glass slides or as hanging-drop ciiltur(‘s on deep-well slides. 
Sporidia from 3- to 4-day -old potato-dextrose agar slants were used 
throughout these studies. 

RESULTS 

PHYSIOLOGY OF SPORIDIAL PRODUCTION AND FUSION 

Sporidial fusion in certain of the Ustilaginaceae lias been r(‘ported 
to lie influenced by the nutrient concentiation and I’caction of the 
culture media (5, 6', H), Sleumer {16) obs(‘rved that sporidial fusion 
in Ustilago zeae occurred on 3-percent maltose or glucose media only 
after the nutrients were spent. However, he reportc'd fusion also on 
malt-extract medium after 24 hours. He believed that fusion was 
most likely to occur when the reaction of tlie mc'dium was pH 8.0 to 
8.5. Kernkamp (7) found three growth types in U. zeae: (1) A sporid- 
ial type, (2) a mycelial type, and (3) diff(Tent intergrades of an inter- 
mediate type. The growth type used in the present studies obviously 
was of the intermediate type in that it produced both sporidia and 
mycelium. Several preliminary tests were conducted with a mixture 
of compatible rnonosporidial cultures tliat were known to cause gall 
formation when inoculated into (*orn plants. These tests indicated 
that (1) the development of haploid hyphae by tiie sporidia and (2) 
the fusion of compatible sporidia occurred only in cultures of low 
nutritive value. Only vegetativi^ budding of the sporidia was ob- 
served in cultures with nutrient concentrations common in many 
laboratory media. These findings are in agreement with those of 
Kernkamp (7), who concluded that increasing tlie quantity of various 
nutrients, especially certain sugars, increased the sporidial growth in 
cultures of the intermediate type. He reported also that some cul- 
tures of the intermediate type were predominantly sporidial in nature 
when grown in solutions of relatively high nutritive concentration. 
However, as the cultures aged and the supply of nutrients decreased, 
the cultures became more mycelial in natui’e. 

Additional tests were made with the same monobasidiospore lines 
in hanging-drop cultures in sterile distilled water and in malt extracts 
of 1 and 2 percent. After sterilization, the reaction of distilled water 
ranged from pH 7.0 to 7.2 and that of the malt extracts from pH 6.8 
to 7.0. These cultures were incubated at various temperatures, of 4° 
intervals, from 4° to 36° C. and were examined after 24, 48, and 72 
hours. Each test was made in duplicate and repeated once. The 
average results of the tests ai*e given in table 1, 
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At the (^nd of 24 lioiirs, haploid hyphae and fused sporidia were 
evident in the distilled-water cultures incubated at temperatur(‘s of 
20"^ C. or above. Sporidial production and growth rather than fusion 
appeared to be stimulated slightly in the 1 -percent malt-c^xtract 
cultures. At tlie end of 48 liours, in the 2-percent malt-extract cul- 
tures, the fewest haploid hyphae oc(‘urred and there were no sporidial 
fusions at any t(unperature. At the end of 72 hours, the percentages 
of haploid hyphae and sporidial fusions in the 2-percent malt-c'xtract 
(‘ultuix^s liad increased slightly, except at th(‘ lowest tcunperatures, but 
th(i percentages wc're still tfie lowest. In the cultures in all Ihrc^e 
media sporidial fusions wej-e found to increase with advancing ag(\ 
At two temperaturi's, approximately 6 per(‘ent of the sporidia in the 
distilled-water cultures had fused at the end of 72 hours. 


Ta ble \r -Influmce of time, iemperature, and cidiure media on the development of 
sporidia, haploid hyphae, and fusion pairs in Usiilago maydis 
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The temperatures at which the cultures were incubated also influ- 
enced the incidence of sporidial fusion. Sporidia produced at the 
higher temperatures, 28°, 32^, and 36° C., were long and narrow. 
This condition, together with the rapid multiplication of sporidia by 
vegetative budding at these temperatures, made the identification 
of haploid hyphae and fusion pairs difficult and uncertain. In general, 
a decrease in temperature was accompanied by decreases in \he num- 
ber and size of sporidia, in the number and length of haploid hyphae, 
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and in the prevalence of fused sporidia. No sporidial fusion and 
only a small amount of growth occurred in the cultures held at 12^^ 
01 * lower for 72 hours. These cultures and those incubated at the 
lower temperatures were continued for an additional 7-day period. 
At that time a few fused sporidia were observed both in the distilled- 
water and in the l-percent malt-extra(*t cultures incubated at 12°. 
No fusion was observed at the lower temperatures. 

For a closer study of sporidial fusion, cultures were prepared from 
paired sporidial lines of monobasidiospore origin in sterile distilled water 
and in 1-percent malt-extract solutions. These cultures were incu- 
bated at 20° and 24° C. Fusion was observed first aftcu* 15 and 20 
hours in the nmlt-extract cultures incubatiul at 24° and 20°, respec- 
tively, and after 20 hours in the distilled-water cultures inculiated at 
24°. Pension pairs were not abundant, however, until the cultures 
were 40 to 48 hours old. This confirms the work of Sleumer {16) with 




Fkickk 1. — Sporidial fusion in Ustilago maydis. Approximately X 1.200. A, a, 
Sporidiuin germinating, with uninucleate hyphao developing from both ends of 
the spore; b, an tiarly stage of fu.sion between two compatible sporidia, with tiie 
binucleate hypha developing from the end cell of one sporidium. /i, An early 
stage of fusion between sporidia, similar to that in A, h. C, A later stagt? in 
sporidial fusion, in which the fusion hypha is several cells long. A and B were 
stained with acid fuchsin and C with Delafield’s haematoxvlin. 

the same fungus in respect to time reauired for fusion to take place. 
The fusion process between compatible sporidia of Ustilago rnaydis 
diflfius only slightly from that reported for certain other* smuts. The 
conjugation process did not seem to follow any definite patter'u such as 
that described by Holton (6‘) for IL avenae and IL lems. Neither 
sporidium appeartul to take a more active part than the other. Fusion 
appeared to fall into three general types: (1) Direct fusion of two 
adjacent sporidia; (2) fusion of young one- or two-celled hyphae 
(germ tubes) formed from sporidia close to each other; and (3) fusion 
of cells of two older uninucleate mycelia. The uninucleate hyphae 
by means of which the fusions occurred wei*e found to vary con- 
siderably in diameter and length. Representative stages of fusion are 
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shown in figure 1. In figure 1, A, a, uninucleate hyphie have de- 
veloped from both cells of a two-celhul, nonfused sporidium. Early 
stages of fusion are illustrated in figure 1, A, b, and B, In each case 
the fusion hypha has just started its development. A sonu'what later 
stag(‘ in whi(*Ii the fusion hypha is several c‘(‘lls in length is shown in 
figure 1 , r. In this case th(‘ sporidia have not fused directly althougli 
in juxtaposition, but rather fusion has taken place between the short 
hyphae developed f]‘om eacli. 

Although fusion was more commonly obsiuwed betwi'cn compatible 
sporidia close to each other, it was observed also betwecui cells of uni- 
niicleat(‘ hyphae originating from widely separated sporidia. This 
type of fusion is not peculiar to Ihtilago rnaydis, as a similar type of 
fusion has b(‘en reporti'd by Stakman, Cassell, and Moore (/7) for 
rVon/Nfe occulta (Walh*.) Rab. In a f(‘W instances compatible sporidia 
that had apparimtly fused (‘lul to end by means of short germ tubi's 
wer(‘ observed. In siudi cases the binucleat(‘ hypha developed from 
the opposit<‘ end of one sporidium. 

The hyphal outgrowth initiating th(‘ binuch'att' condition develops 
soon aft('r th(‘ fusion of two comi)atibh' ganudes. Thi^ hy])hae grow* 
rapidly and undiT favorable conditions often reach a consid('rabte 
l(‘ngth. Occasionally it was possible' to follow* binucleate hyphae that 
had grow n across the culture drop for distanci's of approxiniati'ly 5 to (S 
nun. (r),()0()iu to S,()00;u). Sleumer (/6') obse'rved oik' such hypha that 
had reached a length of 340//. 

Holton (6‘) and Ilai*per (/>) reporte'd that the hytdiae (l('V(‘lopt‘d from 
fus('d sporidia in Vstilago avmac and J \ lerts^ and in l\ aiiih(ourum^ 
i’('spectiv(‘ly, re'veud to the production of sporidia (‘ventually. Sleunu'r 
(1()) stab'd that the addition of nutrient mabu-ial to cultun'S of zeac 
I’esnlted in sporidia! formation by both uniniich'ati' and binucleate 
mycelia. The* possible* influence of adding nutrients to the cultures 
was not investigat('d hy the wrib'rs. Hanging-drop cultures wTre 
maintaiiu'd in the* laboratory for 2 months, however, without any 
evidence' of sporielial formation from binucleate hyphae. Fre'que'utly 
uninucleate hyphae were* found to produce aerial sporielia at the 
surface' of the' eoilture elrop. The' binuedeate hyphae varied (‘on- 
siderably in size and often were' no e'oarse'r than the' uninue'leate' 
hyphae. He*ne*e*, it became nee*e‘ssary to trace any hypha in question to 
its origin or resort to staining proe’edure to dete'rmine its nucle'ar 
conelition. 

NUCLEAR BEHAVIOR AFTER FCSION 

When si)oridiaI culture's had reached the elesire'd stage' for staining, 
they w ere killed w itli Flemming’s w eaker solution or Carnoy’s alcohol- 
ae'etic acid solution or simply by drying tlu'm rapidly ove'i’ a low^ fiame. 
When tlioroughly elried, the cultui'es were' found to aelhe'i'e to the slide 
or cover slip suflie'iently well to permit their manipulation in the 
staining proce'dure without appre'ciablt' loss. 

The protoplasmie* contents in the rapidly growing portie)ns of both 
uninucleate and binucleate hyphae e'xhibited a marked affinity for 
certain dyes and eh'staine'd very irregularly. This w^as espeeually true 
wdien crystal violet was used. Either ileielenhain’s or Delafi eld’s 
haematoxylin gave greater uniformity. The latter stain was more 
satisfactoiy because the cell w alls of the preparations thus stained were 
more readily discernible. A w^ak concentration of acid i’uchsin in 
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lactophenol was found to be fairly satisfactory as a general, semi> 
permanent, rapid stain. 

The procedure followed wdth Heidenhain’s iron alum haeinatoxylin 
was essentially the same as that described by Holton {6). The pro- 
cedure employed with Delafield’s haematoxylin was as follows: The 
preparation was dri(‘d, then fixed in dilute Carnoy's solution for 2 to 5 
minutes; flooded with water, which was removed with filter paper or 
cotton swab; dried over a very low flame; stain(>d 3 to 30 minutes; 
washed by flooding with water; destained in acid alcohol; transferred 
to 7()-percent alcohol and dehydrat.ed thmugh the higher alcohols; 
and then cleared and mounted in Canada balsam. 

The niKvlear behavior and distribution of the protoplasmic contents 
of the fused spoiidia and binucleate hyphae in Ustilago rnaydis were 
found to differ in some respects from tlie descriptions for other im^m- 
bers of the ITsiilaginaceae. Several investigators (/, 6, S, 9, 11, 12, 
13, 16) agree essentially that after fusion the protoplasmic (‘ontents of 
the fused sporidia migrate into the fusion hypha and thereby initiate 
th(^ binucleate phases The contents then continue to move toward 
the apex as the hypha elongates. Sleumer {16), Rodenhiser {13), and 
Holton {6), investigating U. zeae, Sphacelotheca sorghi and S, cruenta, 
and f aimiae and IJ. lens, resp(*ctiv(‘ly, showed lh(‘ formation of cross 
walls in the basal portions of old l)inucleat(‘ hy])hae, although (‘ach of 
the cells thus formed, as well as the fused sporidia, appaj'eiitly was 
empty. Stakman, Cassell, and Moore {17) found essentially the same 
situation in Urocystis occulta. How^ever, tliey occasionally observed 
two-celled fused sporidia in which the nucleus was present in the 
nonfused C(‘ll. 

In th(‘ present study, definite, w'ell-defined nuclei wej*e obscMwed 
freqiK^ntly in the fused sporidia and in tlie older basal portions of the 
binucleate hyphae, but their occurrence w^as more or l(‘ss sporadic. 
Some cells both of sporidia and of hyphae apparently still (contained 
the normal protoplasmic contents, whereas in others the contents w (‘re 
in various stages of disintigration and some c(*lls ap[)eared to be empty. 
The representative nucleai’ condition of the fused sporidia and older 
portions of the binucleate hyphae arc illustrat(‘d in figure 2. In 
figure 2, A, the di]*ect H-shaped type of fusion Ix'tween tw’^o sporidia 
has just occuri’ed. Both sporidia mo two-celled. A single nucleus is 
evident in each of the fused cells and also in one of the nonfused cells. 
This last c(‘ll has produc(>d a uninuch'ate hypha, wdiich would make 
it possible for the one sporidium to fuse with two diffei’cnt sporidia or 
for a double fusion betwecui two sporidia to occur. 

It w^as possible to follow^ the entire binucl(‘ate hypha that had de- 
veloped from the fused sporidia shown in figure 2, D. Representative 
portions of this hypha are shown in E, F, and G. The protoplasmic 
contents of the c(4ls in D apparently were disintegrating, although 
scatteriHl nuclei were clearly visible. In the fourth c(‘ll from the point 
of fusion {E, a) no nuclei wctc evident and only one each w^as observed 
in the fifth {E, b) and sixth {E, c) cells. The distribution of the 
cytoplasm in all three cells was ratlnu* irregular. In the middle portion 
of this hypha, the sixteenth cell {F, b) contained two clearly defined 
nuclei. Only one nucleus was visible in the seventeenth cell {F, c), 
and none was visible in either the fifteenth {F, a) or the eighteenth 
(F, d) c(dl. The cytoplasm, although not so uneven or patchy as in 
the older cells, was nevertheless in sharp contrast to the regular dis- 
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Figurk 2, " S])oridial fusion and nuclear condition in l i^lilago maydis. Approxi- 
mately ><1.825. A, An early stage in the direct H -shaped type of sporidial 
fusion. Both sporidia are two-celled. The binucleate hypha has not yet de- 
veloped. B, Sporidial fusion by means of short, \iniuucleate hy})hae, or germ 
tubes, developed from ends of compatible sporidia. Paired nuclei are visible 
in the second cell of the binucleate hypha. C', Sporidial fusion in which one 
cell of one sporidium has functioned as the fusion cell. Paired nijclei are shown 
in thrt^c cells of the binucleate hypha. D, T*used sporidia. Kepre- 

sentative portions of the binucleate hypha devt'lofied from the fused sporidia 
in 1). The irregular cytoplasmic and nuclear condition comnioniy foimd in 
fused sporidia and older portions of binucleate hyjihae is shown in />, rv, and 
F. G, Paired nuclei in the tip cell of the hypha. H, PaiR‘d nuclei in the three 
apical cells of a representative binucleate hypha. I , Irregular and bmnehed 
binucleate hypha. A, B, C, and 7, stained with acid fuchsin; B with 

Delafield’s haeniatoxylin; H, with orseilline BB and aniline blue, (oee text, 
p. 238, for explanations of a, h, r, and d.) 
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tribution of that in the younger cells near the tip of the hypha, as 
shown in G. There was also a decided difference in the staining re- 
action of the older and younger portions of the hypha. The older 
c,(dls that contained one or more nuclei each, although staining more 
densely than those in which no nuclei were apparent, did not retain 
as much of the stain as did the rapidly growing cells at the end of the 
hypha. 

Sleumer {Uf) distinguished three and sometimes four nuclei in the 
tips of binucleate hyphae in UsHlago zeae but did not show pairs of 
nuclei separated by cell walls. Allison (i), reporting on U. levis and 
U. hordci (Pers.) Lagerh., pictured one hypha containing six nuclei 
and another containing four, but no septa in either. Stakman, 
Cassell, and Moore {17) found that the binucleate hyphae of Urocystis 
occulta often contain two pairs of nuclei, frequently three nuclei, but 
rarely a single nucleus. They assume that the fourth and the second 
nucleus, respectively, may not have been visible or that one nucleus 
had not yet divided. 

In th(‘ present study, paired nuclei, ch^arly delimited by septa, hav(^ 
been commonly observed in the end cells of binucleate hypluK^ Paired 
nuchn were commonly found in the two end cells and occasionally in 
as many as five contiguous cells at the end of a binucleate hypha. 
Kepresentative examples are illustrated in figure 2, G and //. In G, 
two small, darkly staiiu‘(l bodies are just visible in the tip of the apical 
cell. Wheth(‘r these r('prek>nt two daughter* nuclei produced l)y 
division prior to cell-wall formation could not be definitely determined. 
The pre(*eding five cells of this hypha (not illustrat(‘(l) were well 
stained, but no pairs of nuclei could be definitely di'termined. The 
nucleoli shown in the three end cells of anotln'i* binuchvate hypha (//) 
appcHir to be slightly larger than those in other illustrations. This 
may have been due to the use of orseilline BB and aniline blue in place 
of Delafiehrs liaematoxylin in the staining procedure. 

Occasionally irregularly formed and branched binuchuite hyphae 
(fig. 2, 7) were observed. Sleumer (16) described a som(‘what similar 
condition, which he t(‘rmed '‘Wirkopulation.'’ Inasmuch as the binu- 
cleate hyphae become branched and irregular in foim within the liost 
tissues, tin* occurrence of this condition in culture would seem to be 
more or less (‘xpecled and not an (exception in U(>ed of an explanation. 
One cell apparently contains two pairs of nu(‘l(*i. The failure of a cell 
wall to form might have caused this condition; or possibly, as suggested 
by the shape of the cell, a new branch was b(*ginning to (h'velop into 
which the nuclei would migrate. 

DISCUSSION 

That the binudeate stage in the smut fungi is initiated in culture by 
the fusion of basidiospores (sporidia) has been demonstrated for a 
number of species in the ITstilaginaceae. However, the ability of the 
sporidia of Ustilago rnaydis to fuse in culture lias not been clearly 
established previously. In the present study the fusion of compatible 
sporidia was obtained in culture. Its occurrence was found to depend 
largely on nutrition and temperature. Both factors influenced the 
time required for fusion to take place. In certain other smuts fusion 
occurs in a relatively short period of time. Holton {6) obtained fusion 
in C7. avenae and U. levis after 35 minutes to 4 hours. Stakman, 
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Cassell, and Moore (77) observed fusion between the sporidia of 
Urocystis occulta as soon as the sporidia W(U-e fully formed. Roden- 
biser (13) obs(*rved fusion in Sphacelotheca soryhi and S, cruenta after 
10 hours. In tln^ present study, howevcu', fusion was first detected 
after 15 to 20 hours and was not readily observed until afti^r 40 to 48 
hours. Th(^ n'latiyely long period of time and the extrtunely low con- 
(•(uitration of nutrients, which apparently are necessary for sporidial 
fusion, may account for the negative results of many previous investi- 
gators. 

From the pri'scuit inv(‘stigation of Ustilago maydis it could be 
deduced that tiie giMieral nuclear behavior might be as follows. 
Simultaru'ously with, or immediately after, conjugation, tlu^ nucleus 
in each of the fusing gameti^s divides and a daughter nucleus migrates 
into the fusion tiib(‘ or cell. Cell division is completed in th(‘ normal 
maniK'r by means of cell-wall formation. Further growth of the 
binucleate hyphae is accomplislied liy normal (*ell division, i. e., nuclear 
division, migration of daughter nucha, and cell-wall deposition. 
Each c(‘ll of th(‘ binuchaite hyphae, therefoie, normally contains one 
pair of nuclei. 

The gradual aging and decline of th(‘ cells in the older portion of the 
hyf)ha simultaneously with the growth of the apical region siigg(‘st 
that a disintegration of the*, pi-otoplasinic contents of the ohh^r cells 
0 (‘curs at a rate* depending upoji the environmental (‘onditions present 
in artificial culturca Th(‘ extent to which this process is influiaiced by 
any yjarticular set of (‘iiviionmental or nutritional conditions was not 
determined. The exist (‘n(*e of physiologii^al or biochemical diffen^nces 
between diff(*r(‘nt portions of the hypha(‘ is indicated by the difl’erences 
in dy(‘ absorption and retention. Further studi(‘s might indicate a 
situation sonu^what analogous to that described by Thomas {IS) for 
S('V(\ral spe(des of Pytkiuin, in which h(‘ found that th(‘ fixation of dyes 
is detiM-mined by diff(‘renc(*s in cell-wall composition of young and 
that of old, mature hyphae. Whetlnu* th(‘ C(‘lls appear devoid of con- 
tents or contain nuchvi (‘ither singly or in pairs would depend, there- 
fore, upon the degii‘e of protoplasmic aging and disintegration as well 
as upon the success of the staining technique. 

If this inttu pretation is correct, the presence of (‘inpty fused sporidia 
and tunpty c(41s in old portions of binucl(*ate hyphae or the appearance 
of cells with irregular numb(*rs of nuclei might bettiu* he (‘xplaiiu'd on 
the basis of physiological aging and disintegration of c(‘ll contents 
than of an irregular or unusual typi* of nuchair and cellular division. 
The viewpoint fr(H|U(‘ntly (\\pri‘ssed in the literature that the proto- 
plasmic contents of fused sporidia pass into the fusion hypha and 
migrate toward the tip as growth occurs, leaving (unpty cells behind, 
w^as not found in this study to be applicabh' to Ustilago maydis. 

SUMMARY 

The production and fusion of sporidia in cultur(‘S of Ustilago maydis 
are described. The initiation of the binucleat(‘ stagt* by the fusion of 
compatible sporidia is described and illustrated. The fusion process 
was influenced markedly by the nutritive value of the culture media 
and by tlu^ incubation temperature. 

Fused sporidia were sufficiently numerous to be readily detected 
after 20 hours at 24® C. in distilled water and after 15 to 20 hours at 
20® to 24® in l-percent malt-extract solution. 

687371 — 46 2 
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The initiation of the binucleate phase followed no rigidly fixed 
method l)ut resulted from the fusion of any two eompatible haploid 
cells, either sporidial or hyphaL In no case were the binucleate 
hyphae observed to revert to sporidial production. 

End cells of binucleate hyphae uniformly contained one pair of 
nuclei each. The protoplasmic contents of the older binucleate (‘ells 
and of the fused sporidia appeared to be in various stages of disinte- 
gration. In some cases the cell contents were apparently normal, 
whereas in others they were either partly disintegrated or entirely 
lacking. 

The rapidly growing apical cells of binuch^ate hyphae and young 
sporidia exhibited a pronounc(>d affinity for the several dyes used, 
whereas older ctJls and old fused sporidia did not. 

Since the re'sults presented are based on a study of the fungus in 
culture they may or may not represent the situation as it exists in 
nature in the corn plant. 
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UTILIZATION OP NITRATES BY THE COFFEE PLANT 
UNDER DIFFERENT SUNLIGHT INTENSITIES ^ 

By T. Tanada. 2 

Aanifitant in Soil Chemistry, Hawaii Agricultural Experiment Station 

INTRODUCTION 

In tho courst' of an invosiigation (7) dealing with lh(‘ levels of 
nitrogen, jiotassiurn, and e4irbohydrat(‘s in the leaves of coffee trees 
((hffea arabica L. ) grown at Kona, T. H., it was found that the leaves 
of young cofft‘e trees (2 to 10 inoiiths old) accuinulatc'd l•(‘latively 
large amounts of nitrat(‘ nitrogen as compared with the h'av(‘s of 
other plants, and that the uitiate content fluctuat'd widely during 
the growing season. No ade(|uate explanation for this seemingly 
unusual hi'havior was found. For this reason a study was made 
to determine tlu' cause or causes which h'ad to tlu' accumulation of 
nitrates in coflee leavo's. After a consideration of tlu' imj)ortant 
('xternal factors that infliu'ncc' nitrate' metabolism, it a])|)('ars that 
at Kona sunlight intensity might be the limiting fa(‘tor in the piocc'ss; 
lu'iH'e, in this inve'stigation the (‘hief emphasis was ])la(*ed on the' 
(‘fleet of different d(^gi*('es of sunlight intensity on tlu' assimilation of 
nitrate's by the' coflVe' ])lant. In oreler to maintain strie*t e'e)ntrol 
over the' nutrient supply, the coffee plants were grown in water cultui'e*, 
This pape'r pre'se'iits the' re'sults of the inve'stigation. 

REVIEW OF LITERATURE 

A revie'w of the' factors that play a elorninant roh' in the' riitrate 
nut rition of gree]i |)lants has l)een ])ublishe'(l by Nightingale {21). 

The' nitrate' conte'iit of plants varies with dilTe're'nt tre'atments and 
with the stage of growth (7, 4^ •K When the' e'xte'rnal supply 

of jiitrate is plentiful many plants store large' amounts in the'ir 
roots, ste'ins, or h'aves without injurious e'ffects (7, 4? L9, 35, 40). 

Nitrates are known to accumulate in plants whe'ii caibohydrate 
synthesis is curtailed e'>r wdien sunlight intensity is re'duce'd {11, 32, 
33), when te'mpe'rature is low {20, 23, 25), anel wdien potassium 
{22, 26 34) ])hosphorus {8 10, 34), or manganese' (77, 39) is defieaent. 
Under conditions of high concent ration of salts in the culture solu- 
tion, the reduction and assimilation of nitrate's wuthin the plant 
become somewhat limite'd (24). Plants growing under low^ soil 
moisture conditions have' also been found to accumulate nitrates (12). 


nieccivod for publication June 28, 1044. Technical Paper Xo. 118 of the 
Haw^aii Agricultural Experiment Station. 

2 The author wishes to express his appreciation to Dr. L. A. Dean, of the 
Bureau of Plant Industry, Soils, and Agriciiltuial Engineering, U. 8. Department 
of Agriculture, and formerly head of the Department of Chemistry, Hawaii 
Agricultural Experiment Station, for suggesting this problem to the author. 
* Italic numbers in parenthe.ses refer to Literature Cited, p. 25(). 
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EXPERIMENTAL METHODS 

The coffee seeds used in this study were obtained from a single tree 
at Kona, Hawaii. After the seedlings had grown for 3 weeks in a 
very dilute nutrient solution, two seedlings were transferred to each 
of a number of gallon jars containing the complete nutrient solution. 
The solutions were changed once every 3 weeks. Tlu! culture solu- 
tions were a,erated moderately and continuously, and their reaction 
was maintained between pH 4.5 and pH 6.5. The composition of 
the complete nutrient solution was as follows: * 

K^03- 0.0012 M 
Ca (N 03 ) 2 -O.OOL 2 M 
KH2PO4— 0.0002.5 M 
MgSOi.THjO— 0.0012 M 

5 cc. of a 2-porcent stock solution of ferric tartrate. 

T) cc. from a liter of solution containing 0.25 grn. lisBOa, 0.5 gm. MnCl2.4H20^ 
0.25 gm. ZnSOi, 0.1 gm. CUSO 4.5 H 2 O. 

On February 24, 1943, 44 plants were placed in the open, 24 plants 
were placed under moderate shade, and 24 plants under heavy shade. 
The moderate shade consisted of laths 2.5 (‘in. in width spac(‘d 2.5 
cm. apart, and the heavy shade consisted of 5.()-cm. laths spactnl 2.5 
cm. apart. After 3 weeks, the width of the laths of the heavy shade 
was increased to 7.5 cm., but the spacing was kept at 2.5 cm. Here- 
after in this paper the moderate shade is i’('f('rred to as one-half shade 
and the heavy shade as three-fourths shades 

Growth measurements and sunlight radiation records wta'c made 
weekly, beginning on February 24. Sunlight intensity was measured 
by the decomposition of oxalioacid in .0.01 M uranyl sulfat(‘ solution. 
It has been found that reliable sunlight measurements (*an b(‘ ol)tained 
by the use of this nn^thod.^ 

Table 1 . — Outline of treatment of coffee plants in experiment begun Feb. 11^4^ 


1 : 

2 : 


Fxporinipnt No. and 
series 


N mil her o f 
plants 


real merit 


A 

B 

C 


8 Complete nutrient; no shade. 

6 Complete nutrient: one-half shade. 

6 Complete nutrient; three-fourths shade. 


A ' 
B 1 
C 1 
3: 


8 3 weeks before sampling ~N; no shade. 

6 3 weeks before samiiling — N ; one-half shade. 

6 3 weeks before sampling — N ; three-fourths shade. 


A ' 
B 1 
C 1, 
4: 


8 3 weeks — N followed by 3 weeks +N ; no shade. 

6 3 weeks — N followed by 3 weeks -f N ; one-half shade. 

6 3 weeks —N followed by 3 weeks -f N ; three-fourths shade. 


A 2 . 
B 2 . 
C 2 , 

6 ..,. 

68 


8 6 weeks before sampling — K; no shade. 

• 0 6 weeks before sampling — K; one-half shadt'. 

6 6 weeks before sampling - K; Ihree-fouiThs shade. 

6 6 weeks before sampling — C ; no shade . 

(> 0 weeks before sampling 4-2 N ; no shade. 


' .KNOa and C!a (N08)2 were replaced by equimolar concentrations of KCl and (^aCh. 

8 KNOj and KII 2 PO 4 were replaced by equimolar concentrations of NaNOa and NaUaPOi. 
8 KII2P04 was replaced by an equimolar concentration of KCl. 


^ Preliminary investigations showed that best growth was made in solutions of 
low osmotic pressure. 

* From personal correspondence with H. W. Brodie of the Hawaiian Sugar 
Planters^ Association. Honolulu, T. H. 1942. 
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On June 30, approximately 27 weeks after germination, tlie coffee 
plants were divided into six series and the treatments shown in table 1 
were begun. After 6 weeks of these treatments, mature leaves from 
all plants W(‘re sampled. Th(^ fresh leave's were we'ighed, dried under 
strong draft in an eleetrie oven at C., and ground to pass a 

40-mesh screen. 

In order to see whethfu* similar results would be obtained during 
the cooler months of the year, the entire experiment was repeated 
with the same' plants. On October 5 one plant was placed in each jar, 
and thereafter the solution was changed once every 2 weeks. On 
December 16, except for the plants in the nitrogen series, the plants 
were givi'ii the treatments mentioned previously. The plants in the 
nitrogen series were without nitrogen for 4 weeks. On January 27, 
1944, leaves were sampled and tn'ated in the same manner as before. 

ANALYTICAL METHODS 

Total nitrogen was detc'rmined by the Kjeldahl method after pre- 
liminary reduction with reduced iron powder (27). 

Soluble nitrogen was extracted from the dried tissue with distilh^d 
water (37) and was determined as total nitrogen. 

Insoluble nitrogen was determined by subtracting soluble nitrogen 
from total nitrogem. 

Nitrate nitrogen was determined in an aliquot of the soluble nitro- 
gen extract by reduct ion with Devarda’s alloy. 

Ammonia and amide nitrogcui wen' analyzed in an aliquot of the 
soluble nitrog(n extract by tlie mc'thod of Pucher (‘t al. {28). 

Alpha-amino nitrogen was determined in the residue from the am- 
monia dc'termination l)y the Van Slyke method (IS), 

Peptide nitrogc'ii was analyzed in an aliquot of the soluble nitrogen 
extract by the acid hydrolysis method of Vickery et al. (36). 

Basic nitrogen was determined in an aliquot of the soluble nitrogen 
(‘Xtract with phosphotungstic acid as the preci|)itant. 

Soluble sugars were extracted with hot 80-percent alcohol, and 
after hydrolysis with invertase (18)^ were det('rmined by the method 
of Quisumbing and Thomas (3). 

Starch was determined in the residue from the alcohol extract (IS). 

Hemi(*ellulose was determined in the residue from the starch de- 
termination (18). 

]\>tassium was determined by the Na-colbaltinitrite method of 
Volk and Truog (38). The tissues were wet-ashed with a nitric- 
perchloric acid mixture. 

Phosphorus and calcium wei e analyzed in the wet-ashed tissues by 
standard methods. 

EXPERIMENTAL RESULTS 

APPEARANCE OF PI ANTS 

The appearance of the coffee plants was greatly affected by the 
different light treatments. This can be seen in figure 1, where photo- 
graphs are shown of typical plants from each light treatment. 

Contrary to the results obtained by some others (2, 29^ 31), who 
have investigated the effects of shading on the coffee plant, no ill 
eff'ects from strong sunlight were manifested by the unshaded plants 
despite their gross structural dift'erences from the shaded plants. 
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Some of the morphological differences arising from differences in 
shading were similar to those previously reported. Thus, shading 
increased the length of internodes {2, 29, 30) and size of leaves {2, 
IS, 29, SO) but decreased the size of the root system (14) and the 
trunk. There were more' leaves per plant in the unshaded series than 
in either of the shaded series, l^lants grown under three-fourths shade 
appeared rather spindling and had the smallest number of leaves per 
plant. In most respects, the plants grown under one-half shade 



FiGTJRh: 1. ” Coffee plants grown under three diffenuit light condit ions. A. Xo 
shade; B, one-half shade; and C, three-fourths shade. 


occupied an intermediate position between those grown without shade 
and those grown under three-fourths shade. 

In all the minus-nitrogen series (table 1, experinnuits 2 and 3) the 
unshaded leaves were yellowish green after the period during which 
they were without nitrogen. In the case of the minus-potassium 
series (experiment 4) the leaves of the plants grown without shade 
developed symptoms of potassium deficicuicy. Necrotic areas ap- 
peared along the margins of mature leaves and enlarged as the 
deficiency progressed. In figure 2 are photographs of tliree leaves 
showing various stages of potassium deficiency. The plants grown 
without phosphorus (experiment 5) showed no visible signs of its 
absence. 

RELATION BETWEEN GROWTH AND SUNLIGHT INTENSITY 

In many coffee-producing countries the coffee plant is grown uiuh^r 
shade because of the general belief that shading is essential for the 
best growth of coffee plants, especially those of the Arabian type. 
Yet, as far back as 1901, after a canvass of the subject, Cook (5) came 
to the conclusion that there is no basis for the belief that shade is 
necessary for the growth of the coffee plant. 
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The growth of tlie coffee plants ami the sunlight intensity during 
the first experiment are graphically depicted in figure 3. Sunlight 
radiation is expressed as milliequivalents of oxalic acid decomposed, 
p'rom the curves for cumulativi' sunliglit, it can he seen that the 
one-half shade series received only 40 percent of the full sunlight, 
while (in' threi'-fourths shade series received about 20 percent growth 
and sunlight, rc'cords obtained during the si'cond experimenf were 
similar to thos(> of the first experiment. However, the weekly sun- 
ligdit intensity record of the, second experiment was about 75 percent 
of that of the firet experiment. 

During the first half of the first experiment the growth of the plants 
under the three light conditions appeared to be similar, but toward 
tin' end of tin' second half of the experiment the growth of the jilants 
without shade was bi'ttcr than that, of the shaded si'rii's (fig. 3). To 
determine whether the difference in growth among tin' tliri'c series 



f^’idURE 2.-' .1, Normal coffee leaf; B-D, coffee* leaves showing progressively 
increasing severity of potassium deficiency. 


WiM-o sigiHficant, tb(‘ data were statistically I'xamined by analysis of 
v-ariance. In so doing, the growth period was dividtul into two 
parts — March 1 to May 3 and May 3 to June 28 — and th(‘ increases 
in growth during the two periods wen^ cahailated. Table 2 contains 
the data showing the average inen^ase in htught during the t wo ptu-iods. 

Statistical evaluation of the growth data showed that during the 
early stages of growth, the (‘offee plants grew better with half shade 
than with no shade (table 2), but during the hitter half of the first 
(‘xperiment, the growth of the plants witliout shade was significantly 
better than that of the plants under one-half or three-fourths shad(‘. 
The growth of the plants under one-half shade was also significantly 
better than that of the plants under three-fourths sliade. When the 
growth data of the second experiment were evaluated, however, the 
results indicated that growth of the plants without shade was not 
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significantly better than that of the plants with one-half shade 
(table 2). Nevertheless, the growth of the unshaded plants and that 
of the one-half shade plants were significantly better than the growth 
of the three-fourths shade plants. These results and those of the 
first experiment indicate that the growth of the cofl’ee plants was 
decreased by heavy shading. 



Ficjitre 3. — Curves showing cumulative growth of coffee plants and intensity of 
sunlight during the growing period. 


Table 2. — Average increase in height, during 8 growth periods, of coffee plants 
receiving no shade, one-half shade, and three-fourths shade, 1943 


Sc^rics 

Shade 

Exi)eriment 1 

F.xiH‘riiiient 2 

Mar. 1- 
May 3 i 

May 3- 
.lune 28 2 

Oct. 5- 
Dec. 13 3 



Cm. 

Cm. 

Cm. 

X 

None — - 

10.4 

24. 1 

Kl 5 

Y 

One-half 

11. (i 

20.0 

14. 5 

Z 

Three-fourths. 

10. 0 

13.9 

10. 0 


* Difference necessary for significance F«0.01 — X-Y (or Z) ... 1.2 cm.; Y~Z ... 1.4 cm. 

* Difference necessary for significance P*=0.t)l-~X-Y (or Z) ... 1.9 cm.; Y-Z ... 2.1 cm. 

3 Difference necessary for significance P»0.01— X-Y (or Z) ... 3.8 cm.; Y-Z ... 4.4 cm. 
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The results obtained from the trunk measurements of the eoffee 
plants seem to confinn the results obtained from the growth measure- 
ments. From table 3 it can be seen that unshaded plants were sig- 
nificantly larger in circumfeicnce than the plants of either shaded 
series. The eircmmferences of the one-half shade plants were also 
larger than those of the three-fourths shade plants. 

CHEMICAL ANALYSES OF COFFEE LEAVES 

The results of the chemical analyses of th«> coffee leaves are recorded 
in tables 4 to 7. 

Dry-matter confen/. -Although the dry-matter content of the leaves 
differed somewhat in the difi'erent light series, dry matter was de- 
creased by shading in all series (table 4). Severe potassium deficiency 
resulted in an increase in (Iry -matter content (e.xperiment 8), probably 
because of the necrotic tissues. 


T.^hlk '^.-‘ Average circumfereyire of tnmk.s of coffee planL^ receiving no shade^ 
one-half shade^ and three-fourths shade 


SiM’ics 

Shade 

Circum- 
ference ■ 



i 

Cm. 

X 

X one 

4. 5 


One-half 

3. 5 

/ 

Three-fourths .. 

2. S 





1 DittVroiictMiocossary for siiinificance /’«0.0I X-Y.forZ) . . . 0.2 cm.: Y- Z .. . 0.2 cm. 


Table 4 . — Moisture content of leaves from coffee plants receiving no shade, one-half 
shade, and three-fourths shade, with and without complete nutrient 

jOii basis} 


Experiment 
No. and 
series 

Shade 

Nutrient 

Moisture 

Dry 

matter 

1: 

A . . 

None. ... , 

Comiilele. ... . ... _ 

Percent 

72. H3 

Percent 

27. 17 

IL ... 

One-lmlf 

...(lo 

74. 35 

25. 05 

(\ . 

Three-fourths . 

N one . . . , 

_d<>. . ... . . _ . . 


24. 05 

2' 

A 

— N, 3 weeks . . 

73. 39 

20. 01 

B. . 

One-half 

do. ... 

7 4. 50 

25. r>o 

C, 


do 

75. 00 

25. (H) 

3: 

A 

None. 

— X\ 3 Weeks; -f N, 3 weeks . 

72. 5fS 

27. 42 

IL. 

One-half .. .J 

. .do. 

73. 30 

20. 70 

C 

'I’hrco-fourtlis 

do. - 

74. 10 

1 25. 90 

4: 

A 

None ... 

— K,r» weeks . . 

71.00 

i 

1 29. (X) 

IL. . 

One-half 

, do 

72. 84 

27. 10 

r 

Three-fourths 

. . do 

74. 00 

20. 00 

5 

None 

-P.T) weeks 

72. 57 

27. 43 

fl. 

- ...do.. 

+2 N. f) weeks. - . 

71.42 

28. 58 


do 

Complete . ... 

07. 51 

' 32. 49 

81 

do 

-K ... .... 

05. 23 

1 34. 77 

y».. 

do. , 

— 1> . 

08. 98 

i 31 . 02 





^ Plants used in pn^liminary experiment. They were given treatmentjndicaled, until definite deficiency 
s y in ptoms appeared . 


Total nitrogen , — Total nitrogen increased with shading (table 5, 
experiment 1). Withholding nitrogen from the plants resulted in a 
dtH;rease in tlie total nitrogen content and reduced the difl'erences in 
nitrogen, content existing among the plants under different light treat- 
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ineiits (experiment 2). These results showed that a good proportion 
of the nitrogen in th(' sliaded plants was storage nitrogen. As ex- 
pected, increasing the external nitrogen supply increased the total 
nitrogen content of the leaves. 

Table 5. — Nitrogen in leaves of coffee plants receiving no shade, one-half shade, and 
three-fourths shade, unth and without complete nutrient 

[Oil dry-wfight basis] 


Experimont 
No. and 
.sorios 

Shade 

N utrient 

Total 

N 

Solu- 
ble N 

Insol- 
ble N 

N itrat (' 
N 

Basic 

N 

1; 



Percenl 

Percent 

Percent 

Percenl 

}*ercent 

A 

None 

Complete 

% 72 

0. 772 

1 . 9.5 

0. 027 

0 514 

H 

One-half 

do 

8. 18 

. 8or) 

2. 28 

. 128 

520 

c 

Three-fourUis 

.... do . . 

3. 44 

. 971 

2. 47 

. 230 

494 

<>; 

A 


— N, It weeks 

2. 

70.5 

1 80 

019 

499 

B . . 

One-half 

do. . - 

2. Mi 

. 079 

1. 88 

. 024 

. 480 

c 

'^I''hr(‘e-foijrlhs 

..do .... 

2. f>«) 

. (>80 

1 98 

0.57 

472 

3: 

A 

N one . . 

— N, 8 weeks, -EN, 8 weeks. 

2.44 

. (>f>3 

1. 78 

.01.5 

. 404 

B 

Otu'-half 

...do 

2. fiO 

.021 

1 . 97 

. 045 

. 444 

V 

T'hree-foiirths 

do 

8. 04 

. /77 

2. 20 

. 105 

.44.5 

4: 

A 

None 

- K.f) weeks .. 

2. 78 

. 821 

1 . 9<.; 

. 021 

. .502 

B 

One-half ..J 

do 

8. 02 

. 804 

2 22 

. 058 

. 495 

C 

Three-foiirth.s 

- - (lo 

3. 32 

. 949 

2.' 87 

.078 

!470 

f, 

None - 

" P, (i wt*eks 

2. 08 

. 830 

2. 1.5 

. 003 

. 525 

f) 

do 

~E2 N , ti weeks . 1 

3. 47 

1. 198 

2. 28 

. 148 

. 028 

7 K 

-do 

Complete : 

2. 70 

.71.5 

1.98 

.081 

. 488 


.... do 

-K 

2. 72 

.878 

1.84 

. 08.5 

. .508 

(H J 

do 

-P 

3.77 1 

1 . 921 

1. 8.5 

. 214 

.773 

i 


1 

1 





' Plants ushI in preliminary experiment. They were given tK-alnient indieatcKl until di'flnite defieieney 
symptoms appeared. 


Severe phospliorus dcTicituicy (table 5, expt'riimuit 9) i*esult(‘d in 
an abnormal accumiilation of nitrogen. Tin' figurt's for total and 
soluble nitrogen sliowed that this increase was due to an tibnormal 
increase in soluble nitrogen. 

Potassium deficiency did not seem io ailVct the total nitrogen 
cont(uit of the leavers. 

Soluble nitrogen . — With an ample supply of nitrogen, soluble nitro- 
gen increased with shading (tabl(‘ 5, experiment 1). The iucreast' was 
largely due to the accuin illation of nitrates. When nitrogen was with- 
held from the plants (experiment 2) there was a decrease in soluble 
nitrogen. During the second experiment the leaves of the unshaded 
plants tended to have less soluble nitrogen than those of the shaded 
plants. 

Lack of potassium increased the soluble nitrogen content of the. 
leaves to some extent, owing largely to an increase in the basic nitrogen 
fraction. 

A severe lack of phosphorus (experiment 9) resulted in an abnormal 
increase in soluble nitrogen, chiefly due to increases in the amounts of 
nitrate and peptide nitrogen. Basic nitrogen and alpha-amino nitro- 
gen were also accumulated by the phosphorus-starved plants. 

Insoluble nitrogen . — Insoluble nitrogen increased with shading and 
decreased when the external nitrogen supply was cut off (experiments 
1 and 2, table 5). Hopkins {15) and Kraybill {16) have reported 
similar results for other plants. 

Nitrate nitrogen . — The amount of nitrate nitrogen in the leaves 
varied widely in the first experiment, ranging from a few thousandths 
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of 1 percent to over two-tenths of 1 ])er(‘ent (tabh^ 5). In the second 
experimiMit there was less nitrate nitrogen in tlie heaves, probably be- 
cause they were more mature. 

Although sunlight is known to influence the assimilation of nitrate 
by green plants {21), the low percentages of nitrate nitrogen in the 
leaves of plants grown without shade point to the relative unimpor- 
tance of sunlight in the assimilntion of nitrate nitrogen by coffee leavi^s. 
Nitrate nitrogen increased with increase in shading as well as with 
increase in the external supply. When there was no nitrate in th(‘ 
culture solution, the nitrate stored in the leaves was (piickly used up 
by the ])laiit ((‘xperimiuit 2). On tlie other hand, when it was again 
supplied to th(‘ plant, tlu^ (wcess was again stored by the plant 
(experiment These* results indicate that when there is an excess 
of nitrate the accumulation of nitrat e by cofl‘(*e leaves under adequate 
nutritional conditions is a normal phenomenon; and the degree of 
accumulation is largely d(‘termined l)y the* amount of solar energy 
available to the plants. 

Phospliorus starvation resulted in an abnormal accumvdation of 
nitrates. Otlu^r workers (<S\ 10, S/p have* r(‘ported similar rc'sults with 
other plants. Eckerson (10) attributed the accumulation of nitrate 
to the role ])layed by phosphorus in reducase synthesis^ 

Ammonia and amide nitrogen. — From the analytical results, it ap- 
pears tliat ammonia nitrogen and amide* nitrogen w(*re not accumu- 
lated to any large extent l)y the coffee leaves under the conditions of 
this exp(*rim(*nt. The figures rang(*d from less than 1 p. p. m. to 13 
p. p. m. The trend of the figures indi(‘ates t hat both types of nitro- 
g(‘n an* found in larger amounts in shad(*d leaves. Both foj'ms seemed 
to accumulate when the nitrogen supply was great (*r , than the utili- 
zation. Th(‘ lack of phospliorus resulted in increases in ammonia 
nitrogen and amide nitrogen. 

Bamc nitr(ajen. The high p(*rcentage of basic nitrogen (ta])le 5) in 
the leaves of cofl’(*e plants indi<*ates that this nitrogenous fraction (‘an- 
not be overlooked in a consid(*ration of tin* soluble nitrogenous con- 
stitu(*nts of coffee leaves, Undei- normal conditions it often comprises 
more* than half of the total soluble nitrogen fraction. Cutting off the 
external su])[)ly of nitrog(*n result(*d in a small deci*ease in its amount. 
Sev(*re j)Otassium d(*ficiency caused some accumulation of basic nitro- 
gen at th(* expt*nse of insoluble nitrogen. Lack of phosphorus also 
resulted in accumulation of basic nitrogen. 

Alpha-amino nitrogen.- In the first experiment the alpha-amino 
nitrogen showed a tendency to incrt*ase with shading. In the second 
experiment, how’^ever, this trend was not observed. The amount of 
alpha-amino nitrogen ranged from 0.03 percent to 0.11 percent. 
Lack of potassium did not s(*em to aff(*ct the conciuitration of alpha- 
amino nitrog(*n, l)ut the alisence of phosphorus (experiment 9) re- 
sulted in a large increase in the level of this constituent. 

Peptide nitrogen . — Tin* behavior of the peptidi* nitrogen fraction was 
somewhat similaj- to that of alpha-amino nitrogen. The peptide 
nitrogen in the coffee leaves ranged from 0.01 percent to 0.21 percent. 
Phosphorus deficiency resulted in an accumulation of this vonstituent. 

Soluble sugars. — In the summer experiment the solubh* sugar con- 
tent sliowed a decided decrease with increase in shading (table 6, ex- 
periment 1), but in the winter experiment the trend was less evident. 
There w^as some accumulation of soluble sugars when potassium was 
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omitted from the culture solution for 6 weeks (experiment 4), but 
under conditions of severe deficiency of potassium (experiment 8), 
soluble sugars did not accumulate in the leaves. Nightingale {26) 
also found that at the outset of potassium deficiency, carbohydrates 
accumulate; and, with further lack of potassium, they decrease. 

Starch . — The starch content of the leaves showed a very marked 
decrease with increase in shading (table 0). The starch content of 
the leaves in experiment 2 was much higher than that of experiment 
1 ; nevertheless, it also showed a strong tendency to decrease with 
shading. 

Hemicellulose . — In experiments 1 to 4 the hemicellulose fraction 
showed a tendeijcy to increase with iiuTeasing shade (table 6). 

Potassium . — In all light treatments (table 7, experiments 1 to 4) the 
potassium content of the leaves increased with an increase in shading. 
This is believed to be the result of luxury consumption. When the 
percentage of potassium in leaves dropped below about 2 percent, 
necrotic areas appeared along the leaf margin. 

Calcium.— The calcium content of the leaves in both experiments 
1 and 2 increased with shading (table 7). 


Table 0. — Carhohydrates in leaves of coffee plants receiving no shade, one-half shode^ 
and three-fourths shade^ with and without complete nutrient 


(On })a8is as dextrose] 


Experiment 
fsTo. and 
series 

Shade 

Nutrient 

Soluble 

sugars 

Per vent 
fi. 23 

5. 83 

Htareh 

1: 

A 

None . _ - - 

Complete 

Percent 

3.71 

.32 

B 

One-half 

. . (lo - . 

C 

Three-fourths 

do ... . .... 

5. 05 

. U) 

2: 

A 

Noni' _ 

—N, 3 weeks 

f). f)5 

4.f91 

B ... 

One-half 

_ do 

0. 42 

2, 88 

C .. 

Three-fourths . 

do 

5. 48 

1, 28 

A 

None 

— N. 3 weeks; -j-N, 3 weeks 

5. m 

2. 18 

B 

One-half 

..do - 

5. 95 

1. 40 

r 

Three-fourths 

do 

5. 42 

. 10 

A 

None 

— K,(l weeks 

8. 55 

4. 02 

B 

One-half-. 

' do ... 

8. 02 

. 10 

C 

Three-fourths , 

. do 

(i. 10 

. 10 ! 

5 

None - 

- P, fj weeks . 

fi. 42 

1,24 1 

f) 

..do- 

-(-2N, 6 weeks . , 

5. 22 

. 10 i 

7 ' 

..do - 

Complete 

5. 48 

. 34 

8 f .. 

. .do - - 

-K .. . 

5. 52 

. 10 

U 1 

do . , 

-P ... ... 

4. 25 

. 10 







Ueiniccl- 

lulose 


Pi ra nt 
7.38 

7. fir) 
8.30 

0. 08 

8 . 35 
8. 80 

7. 05 
7. 80 
8.48 


7. 35 
8.20 
H. 00 
0 . 00 
0. 88 
0 , 88 
7. (K) 
0.08 


J Plants used in preliminary experiment, 
symptoms appeared . 


They Were given treatment indicated until delinlte deficiency 


Phosphorus : — The results of expou’iments 1 and 2 (table 7) indit’.ated 
that the phosphorus content of the coffee leaves was slightly reduced 
by the light treatment. 

The beliavior of the phosphorus-defudent plants, as revealed by the 
results of the chemical analysis for the various nitrogeneous fractions, 
showed that lack of phosphorus caused a very serious break-down in 
the normal process of nitrogen metabolism. ^Fhe break-down seemed 
to be associated with the anabolic process of nitrogen metabolism. 
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Table 7. — Ash conslituenls in leaves of wfee plants receiving no shade, one-half 
shade, and three-fourths shade, with and without complete nutrient 


fOn (iry-wfiglit basis] 


Experiment 
No, and s<.‘rios 

Shadi* 

Nutrient 

Potas- 

sium 



Calcium 

I'hospho- 

rus 

1: 

None 


PiTctnt 

Percent 

Percent 

A 

r oinplete 

2 HU 

1.40 

1 . 00 

0.20 
. 18 

B 

One-half 

do . 

3. 40 

(' . 

Three-fourths 

(io 

4. 00 

2. 84 

3. 10 

3. 52 

3. (m; 

1.66 

1.40 

1 53 

. 18 

.20 

.20 

19 

2: 

A 

None . 

— N, 3 weeks 

B 

One-half 

do . 

e . 

Three-fourths 

do - 

1.58 

1.40 

3; 

A 

None 

— N, 3 weeks; +N, 3 weeks 

.20 

B 

One-half 

do 

3. 58 

1. 56 

.20 

( ’ 

Three-fourths 

- - - do - 

4. 00 

1. 58 

. 19 

A 

None 

— K.fi weeks- _ 

1.02 

1.50 

.18 

B 

One-half 

.-do - - 

1 1S2 

1.58 

. 18 

e 

Three-fourths. 

- do- ---- 

2.49 

1. 80 

.21 

A 1 

N one . 

— weeks 

3.20 

3.40 

1.47 

.10 

.20 

(i , . 

do - 

-|-2N , 6 weeks . . 

1.72 

7 * . 

- do_.. 

Complete 

2. 74 

1.33 

.15 


do-..- 

-K. 

. 70 

1. 52 

. 16 

9 - 

do.. - . . 

-p-":::: : 

2. 84 

1. 23 

.06 





■ used in preliminary exi^eriinent, 1'hey were given treatment indicated until definite defieicmcy 

symptoms ai)peared. 


SUMMARY AND CONCLUSIONS 

Coffoo plants {Coffea arabica Ti.) were grown in water eultnre uncltT 
tliree dilTerent sunlight intensiti(‘s. The first study was conducted 
during the summer, the second during the winter. On the whole, 
t he rt'sults obtained during the two seasons wt^re about the same. 

Under tht‘ conditions of this experiment, with height and trunk 
measurcmeuits used as indiers, the coffee plants wtuv found to grow 
better without shade than with heavy shade. 

Plants grown without shade and imdeu* one-half shade appeanal 
much liardier than those grown under three-fourths shade. The 
number of leaves p<u* plant decn^ased with increase in shading, while 
the half size increased with shading. Unshaded plants liad larger 
trunks and larger root systems than the shaded plants. 

Chemical analyses of the halves .showed that iiureases in shading 
resulted in increases in total nitrogen, soluble' nitrogeui, insoluble 
nitrogen, ammonia nitrogen, amide* nitrogen, nitrate* nitroge'ii, alpha- 
amino nitrogem, peptide nitrogem, anei liemiea'llulose; and j'e'sulted in 
dee’reases in dry matter, soluble sugars, and stared). Potassium and 
cahium tended to incre'ase with shading. Dui'ing the* ce)oler period, 
phosphorus also tended to increase with shading. 

Severe potassium deficiency resulted in an ineri'ase in the soluble* 
nitrogen content. The increase was due principally to an iru'rease* in 
the basic nitrogen fractiem. At the outset of potassium defie‘iency, 
soluble sugars accumulated but later fell back to normal value's. 

Severe phosphorus deficiency resulted in abnoimal increase's in total 
nitrogen, ammonia nitrogen, amide nitroge'n, nitrate nitroge'ii, liasic 
nitrogen, alpha-amino nitrogen, and peptiele nitrogen. The'se results 
pointed to a serious break-ciown in the nitrogen metabolism of phos- 
phorus-starved plants. The break-down seemed to be* associated 
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with the anabolic process. Of tlie soluble nitrogeneoiis fractions, 
nitrate niti'ogen showed tlie greatest relative increase. 

It is concluded that under suitable nutritional conditions, the 
accumulation of nitrates in the leaves of the coffee plant is a normal 
process, and that the amount stored at a certain period is detennined 
largely by the amount of solar energy available to the plant at that 
time. If the supply of nitrate nitrogen is larger than the demand, the 
excess is stored by the plant. 
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RELATION OF COLOR-INHIBITING FACTOR TO SMUDGE 
RESISTANCE IN ONION ‘ 


By H. A. Jones, principal oUTundturistf J. C. Walker, agent, T. M. Little, 
fornuTly assistant geneticist^ and R. H. Larson, agent, ^ Division of Fry, it and 
Vegetable Crops and Diseases, Bureau of Plant Industry, Soils, and Agricidlural 
Engineering, Agricultural Research Administration, United States Department 
of Agriculh(re 

INTRODUCTION 

Tlic rc'sistancc' of colored bulbs of onion {Allium cepa L.) 

than of white ones to the attack of the smudge organism 
circinans (Berk.) Vogl.) has long been known. The factors responsible 
for r(\sistanc(‘ have beiMi giv(‘n considerable study in ri'cent juairs, 
chiefly with the object of devehvping resistant \vhit(‘ varieties. The 
])urpose of the study pr(‘S(‘nt(‘d h(‘re was to detej-mine the (dfect of 
different color genotypes ui)on resistance. 


REVIEW OF LITERATURE 


Berkeh'y {2);^ who first (h'seribed onion smudge, observed that it 
was common on white bulbs but that colored ones w(‘re highly resistant. 
In 1921 Walk(M’ (/O) gave an (Lxtimsive descri])tion of the disease and 
its iT^lation to enviroMnn'iital factors. In a series of studiiis Walker 
and associat(‘s {11, 12, IS, 14) showed that a water-soluble sul)staTV(‘e 
(‘xtract(Hl from ])igmented scales was toxic to the smudge organism 
and that this sul)stanc(‘ was not found in iinpigmented scales. They 
showcal also that the volatile sul)stances present in onions were toxic, 
killing ungerminated spoi’es and checking the growth of the mycelium. 
Later Walk(‘r and associates (/, 6, 7, lo) demonstrated that one of the 
toxic substances present in pignnaited scales was i)rotocateehine acid. 
Link and Walker {8) determiinal further that catechol, whi(‘h was 
pn'sent in ])igmented scab's and absent from white scab's, was even 
more toxic than protocat cchuic acid to tlie onion smudge organism. 
lng(‘rsoll, Vollralh, Scott, and Lindegri'ii ({) found that the volatile 
sid)stances from ficshly (unshed onion and garlic, (.‘ontained unsalurated 
aldehydes, which they suspected to be either allyl aldehyde (acrolein) 
or croton aldehyde, both of wdiieh wi're shown to have high bactericidal 

activitv. * ... 

The'g('netic factors ir'sponsible for pigmentation in the onion wc're 
first described by Rieman {9), who ((('inonstratetl. the o(‘currence of 
two kinds of factors for white, one a dominant inhibitor and the other 
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a recessive white factor. Later stiidi('s by Clarke, Jones, and Little 
(5) confirmed these rc^sults l)nt showc^d that the factoi’s differentiating 
red and yellow pigments were not allelomorphic with the re(‘essive 
white factor, as postulated by Riemaii {9)^ but were independent 
of it. 

Tlie dominant allele C is necessary for color development. A variety 
of onion homozygous for red has the genotype iiCCRBy for yi'llow 
iiCCrr, and for recessive whit(» iiccBE^ iiccBr^ or iiccrr. The / gene is 
incompletely dominant in the heterozygous condition, but all bulbs 
homozygous for II are white (5, 9). 

MATERIALS AND METHODS 

Several Fi plants from each of six different crosses between wliite 
and yellow varieties were grown in the grecuihouse at Beltsville, Md. 
The flowers wer(‘ selfed, and the resulting seed was sent to 'Wisconsin 
for growling and testing. In addition, F2 plants from a cross betwc'cn 
Crystal Wax and Italian Red wxTe S(‘lf(‘(l, and this seed, as w^ell as 
that from the s(dfed white and colored parents, was sent to Wisconsin. 
At first it was thought that the Crystal Wax plant carried the reces- 
sive wdnt(’» factor c and the re(*essiv(^ alleh' of th(‘- dominant white 
factor /. The F3 se(‘d was, th(M‘(ffor(‘, included for comparing the 
i’(‘cessiv(^ w'hite w ith the dominant white plants from other populat iojis. 
However, it w^as discovered later that the Crystal W^ax parent carried 
the dominant white factor and had the genetic constitMtion //CC, 
although most plants of this variety hav(‘ tlie constitution licc. One 
of the crosses from wdnch F2 populations wcui* grown had as th(‘ w hile 
parent a strain of Southport White Globe. The F2 populations gav(‘- 
a segregation of 18 whit(‘. and cream to 3 colon'd. It was therefore^ 
concluded that tln^ wdiite panmt had the genetic* constitution IIcc. 
Since the white bulbs appearing in such populations consist of fiv(‘. 
genotype^s pheTiotypically indistinguishable, it was decided to omit 
all these populations from the analysis. In the rcunaining five crosses 
the variety White Portugal was used as the white parent. Most of 
these plants had the constitution IICC and gave ratios of 1 wdiite to 
2 (*r(‘am to 1 colored in F2 populations from cross(‘S with (*oloi*ed 
(iiCC) plants. As one of the Wliite Portugal lines, 3*218, had the 
genotype IIcc, all populations involving this parent wei-e excluded 
from the analysis. 

The colored parents involved in the crosses were Stockton G36, 
Italian Red, P]arly Grano, Stockton Yellow Flat, and Yellow Globe 
Danvers. The last-named variety is very pungent, whereas the other 
four are mild types. 

Seed was sown in flats in the greenhouse in early March. Plants 
were transplanted outdoors in early May. Inasmiudi as it was not 
possible to replicate each lot, plots of susceptible tester stocks of 
Southport Wliite Globe and White Sweet Spanish varieti(>s were dis- 
tributed at random throughout the plots. The area in wdiich the 
plots were located had also grown onions the 2 years immediately 
preceding. All these onion crops were inoculated with the smudge 
organism. Gross cultures of Colletotrichum circinans were grown on 
aerated Czapek’s solution and distributed over the low^er parts of the 
plants when the bulbs were about half-grown. Overhead irrigation 
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was applied during the su(‘eeeding night to jn-ovide favorable con- 
ditions for infection. 

In late August when tlie tops were mature' the bulbs weree removed 
fi-om the soil and placed in shallow crates in a protecteed outdoor loca- 
tion to cuie. Curing was alio wee! to proceed in accordance with the 
usual commercial practice until mid-Noveember, duiing wliich period 
the disease continued to develop and advance from the dry outer 
scahes to the fleshy ones (10). 

Disease analysis, made during th(> week of November 15, consisted 
fij-st of dividing the bulbs into three color classes: White, cream, and 
yc'llow or red. The bulbs in each color class were then divided into 
four discasi! <‘lasses as follows; 

(0) No ovidonce of Hmiidgo, 

(1) Blight ovidoiice of smudge, usually on the outermost scale only. 

(2) Moderate amount of smudge. 

(3) Large amount of smudge, with invasion of one or more fleshy scales. 

The number of bulbs in each disease class was multiplied by tlu' class 
number, and the sum (S) of the products was obtained. The inde.v 
was then calcvdated by th<‘ following formula: 

S X too .. . , 

'or; 7 - v T — - ^v- —disease index. 

3 X total population 

The imiforniity of infection tliroug^hout the disease plot is shown by 
the dis(*as(‘ iinh'xes for the testt‘r stocks, Southport White Globe and 
White Sw(M‘t Spanish. When dislributtHl at random throug:]iout the 
test plot, plantings of Soutliport White (ilobe gave iiuh'x rem-dings of 
lOO.O, 95.4, 90.2, and 97.4; and White Sweet Spanish, B2.7, 77.4, 74.8, 
01.3, and 92.2. 

The analysis of variance^ was employed to obtain comparisons be- 
tw(^en the three genotypes II (white), li (cnaim), and n (colored) and 
also betw(‘en the different cross(‘s. Only popuiatious that showed a 
satisfactory fit to a 1:2:1 ratio were included in the analysis. As 
pointed out by Clarke, Jones, and Little b*^), it is easy to distinguish 
white from cream bulbs in some populations, wher(*as in others the 
two classes (*annot b(^ separatc'd with certainty. No doubt the popu- 
lations that showed a ]30or fit to the expected 1:2:1 ratio contained 
many bulbs which had been incorrectly classifi(*d as to genotype. 
It was felt that the mean index for each group of bulbs within the 
populations was the most riJiable measiu’c of reaction to smudge; 
and, in ord(T to avoid giving undue weight to occasional escapes or 
errors in classification, only those populations which had at least five 
plants in the smallest class were included in the analysis. 

RESULTS 

In calculating the variation due to genotype with respcH't to the I 
gene, it was found tliat in all six crosses there was a significant differ- 
ence in susceptibility between genotypes, the F value always being 
several times that required for the I -percent level of significance. 
Howevei*, this is to be expected on the basis of repeated observations 
by many workers that white bulbs are more susceptible to smudge 
than colored ones. The question that has not Inam answered satis- 
factorily heretofore is whether bulbs heterozygous for the / gene arc 
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more resistant to smudge than the homozygous white ones. In all 
six of the crosses the mean index of the li bulbs showed that they were 
more resistant to smudge than the II bulbs. In four of these crosses 
the differences were highly significant. In the other two the differ- 
ences were not significant because the number of populations was so 
small that large differences were required. In all six crosses the dif- 
fei-ences between the indexes of the colored bulbs (u) and of the cream 
bulbs {li) were highly significant. In all but one cross, White Portu- 
gal X Yellow Globe Danvers, the mean index of the heterozygous 
cream bulbs was slightly nearer the index of the white bulbs than that 
of the colored bulbs. When all crosses were considered, the mean 
index for all billbs was 40.30 and that of the cream bulbs was 41.64. 
This small difference was not significant; so it can be concluded that 
from the standpoint of smudge susceptibility the / gene is scarcely, 
if at all, dominant over the i gene and that the heterozygous bulbs li 
are approximately intermediate between the two homozygous types 
in susceptibility. 

The combined analysis of all the crosses (table 1) showed a differ- 
ence due to genotypes and a highly significant diff(u-ence betwe(ui 
crosses, even though they all contained the same three genotypes as 
to color. It is evident, therefore, that factors besides color affect the 
susceptibility of the bulbs to smudge. The difl’erences in suscepti- 
bility to smudge between crosses are shown in table 2. 

7'able Summary of data on smudge resistance in segregating progenies from 

6 onion crosses 

EXPERIMENTAL DATA 


Cross 

Popula- 

tions 


Disease indexes 


IJ 

li 

a 

Mean 

White Portugal X Stockton G3() 

4 

88.42 

09. 88 

21.80 

00. 

Crystal Wax X Italian Red 

5 

77.94 

,58. 94 

10. 52 

51. 

White Portugal X Early Grano 

21 

72. 71 

51.07 

23. 49 

49. 

White Portugal X Italian Red 

8 

78. 12 

51.29 

3. 80 

44. 

While Portugal X Stockton Yellow Flat 

4 

72. 32 

43. 02 

5.88 

40. 

White Portugal X Yellow Globe Danvers.. 

21 

40. 01 

18.00 

5.98 

23. 

Mean i 


1 05. 89 

41.04 

13.38 

1 

40. 


ANALYSIS OF VARIANCE 





F values 

Sourc(3 of variation 

Degrees of 
freedom 

Mean 

S(iuare 


Required 



(Calculated i 

6-percent I 
level 

1 -percent 
level 

Genotypes 

2 

43, 505. 90 

310.22 

3.08 

4.80 

Crosses.-. 

5 

5,877.68 

41.91 

2.29 

3.18 

Populations (within crosses) . . 

57 

410.44 

2. 93 

1.46 

1.68 

Genotypes X crosses. 

10 

099.20 

4.99 

1.91 

2.49 

Error . - 

114 

140.24 






1 Difference required for significance between genotype means at the l-perotmt level *5.61. 
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Tablk 2 --Differences in susceptibility to onion smudge between crosses 
[Basic data in table 1) 


Cross 

White 
Portugal 
X Stock- 
ton OH(i 

Crystal 
Wax X 
Italian 
Red 

White 
Portugal 
X Early 
Orano 

White 
Portugal 
X Malian 
lied 

White' 
Portugal 
X Stock- 
ton ^"(' 1 - 
low Flat 

White 
Portugal 
X Yellow 
Globe 
Danvers 

Whito PortiigHl X Stockton 

1 

8.90 

10.94*'' 

15. 01 ** 

19 42** 


Crystal Wax X Italian Hod 

I H. ‘H) 


2 . 04 

0. 71 

10 52* 

*17 RW'*'* 

White I'ortugal X Early Orano 

! lU.lB*’ 

2.04 ! 

4. 07 

8 ’. 48* ' 

25. 64** 

White Portugal X Malian H(*d 

i 

0.71 

*4,7)7 ’ 


3. 81 

20. 87** 

White i’(»rtugal X Stockton Yellow Flat., 

1 19. 42* ♦ 

10.52* 

8. 48* 

2 . 81 


17. 00** 

White Portugal X Y<‘llow Olobc Danvers- 

1 30.48^* 

27.58** 

25. 54** 

20. 87** 

17.00** 



•Sinniflcant; ♦^highly significant. 


DISCUSSION 


Tho fact tluit heterozygous cream bulbs are approximately iuter- 
iiKHliate in resistance' bc'tween the pure white and the colored bulbs 
is important from the standpoint of breeding. It- would be highly 
(h'sirablc to obtain varieties of white onions resistant to smudge^ 
but if resistance is inevitably associated with the presence of pig- 
ment it would be difficult, if not impossible, to attain such an objective. 
However, cream bulbs with the g(‘netic constitution li, though con- 
taining some pigriK'nt, might be as acceptable as pure wliitf' bulbs for 
certain purposes. The increase in resistance to smudge would 
probably more than compensate for the sacrifice in coloi* purity. 
Although it would be impossible to obtain true breeding strains with 
the constitution //’, the production of hybrid onions with this con- 
stitution would be very simple. This could be accomplished through 
the use of male-sterile strains as described by Jones and Clarke {5). 

The etfe(*t of the n*cessive white gene c upon resistance to smudge 
has not been studied and will be the subject of further investigations. 
A difiference between the susceptibility of red and yellow bulbs result- 
ing from the action of the Rr pair of alleles has never b(‘en demon- 
strated and should be investigated further. Difrerences in suscep- 
tibility between crosses involving red and yellow parents did exist 
in the data presented here, but such differences are probably to be 
ascribed to factors other than color. It is noteworthy that the 
highest and lowest mean indexes of susceptibility were found in 
crosses between white and yellow varieties. 


SUMMARY 

The most important factor in resistance to onion smudge is the 
presence of pigment in tlie outer scales of the bulbs. White bulbs 
homozygous for the dominant color inhibitor I are highly susceptible 
to the disease. Colored bulbs with the genetic constitution ii are 
highly resistant. Cream bulbs with the constitution Ii are approxi- 
mately intermediate in resistance between the pure white and the 
colored ones. 
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DEVELOPMENT OF THE IMMATURE STAGES OF 4NA- 
STREPHA SERPENTINA IN RELATION TO TEMPER- 
ATURE ' 


By John (i. Shaw, assistant entomologist, and Donald F. Starr, chemist, Division 

of Fruitjly Investigations, Bureau of Enlomotogg and Plant Quarantine, Agri- 

cnltural Research Administration, United States 'Department of Agriculture 

INTRODUCTION 

During the past sov(‘ra,l years large ?iuin})ers of adults of Anni^lrepha 
f^erpentlna (Wied.) have l)eeri found in tlu^ eitrus groves of th(‘ lower 
Rio (irande Valley of Texas and Tamaulipas, Mexico. In 1934 James 
Zetek found swec't oiangi'S purciiased from the Panama City market 
to f)e infested with A. .^erjunirna. In 1939 larvae w('re fouud in 
grapefi’uit at Mission, Tex., by employee's of the Bureau of Ento- 
mology and Plant Quarantine. Hosts of economic importance in 
Me'xico are chicozapote (. Ic/z/av mpofa ]j.>, za})ote mamey {Calorarpum 
rrmtnrnof^imi (L.l Pic'rre), and peacii {Prvwts perslm (L.) Stokes). 
The soutlu'rn limit of A. serpent inn given by Stone ‘ is Sao Paulo in 
Brazil. In view^ of the threat of this insect to the citrus fruit industry 
a study of its develo])m(‘nt was undertaken at the' Mexico City 
la l)oratory. 

EGG STAGE 

METHODS USED IN STUDY 

Populations of fruitflie's W(*re reared from infesteel fruits of chico- 
zapot(‘ and zapote rnamey, but for the studies on the d('veloi)ment of 
the species chicozapote and ptaich were used. 

The flies to be used for sup|>Iying eggs were confined in glass-and- 
musliii cages, close to 12 inches in each dimension, and held in a large 
cabiiH't at 25^ (\ and approximately 00 percent j'clative humidity. 
Und(‘r these* conditions the* flie's d(*j>osited the* first eggs 10 days after 
emerging. The* first mating was not observed until the twentieth 
day. Mating ge'iierally took |)lace between 5 and 0 p. m. ami lasted 
from 25 to 57 minutes. 

The technique us(*d for ol)taining fruitfly eggs was that dev(*loped 
in Florida in 1929 during research on the Xlediteri'anean fruitfly, 
CeratitiH capifata (Wied.) (unpublished). An oiitei* se(!tion of chico- 
zapote or p(*ach was cut with the skin adhering to it, and most of the 
flesh was removed to leave a thin-walled shell (fruit skini, which the 
ovipositor of tin* fly could pierc(*. Each arc of fruit skin was fastened 
with paraffin to a 2 ) 2 - by 2%-inch glass j)late. v^^inci* tlu* eggs usually 
adhered to the inner side of the fruit skin, the laborious task of looking 

* Hecoivod for publication August 24, 1944. 

2 Stone, A. the fri itflies of the geni’s anastrepha. U. S. Dept. Apt. 
Misc. Pub. 439, 112 pp., illus. 1942. 
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for eggs in the flesh of whole fruits was thus avoided. The eggs, 
usually in groups of 4 to 12, could be easily observed through the glass. 
The fruit skin was removed from the glass when it became necessary 
to transfer the eggs. 

The mounted fruit skins were placed in stock cages of flies for 2 
or 3 hours between 1 and 7 p. m., the time of day when most ovi- 
position by Anastrepha se/rpentma takes place.® Eggs were renioved 
from fruit skins by means of a camers-hair brush and placed in’rows 
on ink-blackened filter paper in a Syracuse watch glass. The filter 
paper was kept saturated with a 0.1-pereent solution of cupric chloride, 
apparently without affecting the hatcliing of the eggs. Darby and 
Kapp ^ used this solution to control the growth of fungi when they 
reared Mexican fruitfly {A. ludpns fljoew)) on cotton. 

The watcli glasses were stacked and ground to fit tightly to avoid 
desiccation and the escape of tiny first instars. The largest number 
of eggs were deposited on fruit skins placed in a row along the cage 
floor against the glass front nearest the source of light. 

From time to time equal numbers of fruit-skin sections of ripe 
chicozapote and peach w(‘rc placed in stock cages of flies, and the eggs 
deposited in each kind of fruit were counted. Preference for chicoza- 
pote was shown when 599 eggs were laid in this fruit and only 151 in 
poach. When the mean difference* of 15 comparisons was analyzed 
statistically, the indicated preference was shown to be highly signi- 
ficant. Chicozapote might well lx* expected to be the pref(*rred host 
because it is attacked heavily by Anastrepha serpentina in the fi(*ld. 

The eggs were incubated in six insulated cabinets, each 32 by 13 
by 15 inches. Temperature was controlled by usijig electric lamps as 
a sourc(* of heat, and ice to produce low temperatures. Shallow pans 
of wat(*r were placed in the cabinets at 25® C. or above to maintain a 
relative humidity of approximately 00 percent. Temp(*rature was 
controlled within ±0.15® C. by means of tolu(‘ne-mercury thermo- 
stats, and the air was circulated by 8-inch fans. A th(*rmograph and 
a th(*rmometer were kept in each cabinet. Care* w'^as taken to de'ter- 
mine the* temiperature at the exact location of the biological material. 
At the end of the elesired observation periods the containers with eggs 
were re*moved from the cabinets and quickly examine*d uneler a binoc- 
ular microscope to record the hatch. 

LENGTH OF INCUBATION AND HATCHING PERIODS 

The incubation and hatching of e*ggs were studied at various tem- 
pevratures between 10® and 37.8® C. The incubation period wuis 
reckoned from the time tlu* fruit skins containing the eggs were trans- 
ferr(*d from the* stock cages to the time of the last observation before 
the first egg hatched, and tlu* hatching period from this observation 
until the last egg hatched. 

When 1,000 eggs w^ere held for 1 12 to 120 days at 10® C., no hatch- 
ing was observed, although one-third to one-half of them appeared 
normal at the end of that time. 

3 Baker, A. C., Stone, "W. E., Plummer, C. C., and McPhail, M. a review 

OF STUDIES ON THE MEXICAN FRUITFLY AND RELATED MEXICAN SPECIES. U. S. 

Dept. Agr. Misc. Pub. 631, 155 pp., illus. 1944. 

* Darby, H. H., and Kapp, E. M. observations on the thermal death 
POINTS OF anastrepha ludens (loew). U. S. Dept. Agr. Tech. Bui. 400, 19 
pp., illus. 1933. 
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At 12.5° (\ none of 1()7 eggs hatelied during a i)eriod of 81 days. 
After 72 days 1 lai‘va iiartiaUy emerged, and fully develoyied larvae 
were found in several eggs uyion dissection. From ecjuation 2, which 
is given later, it was calculated that hatching would be expected after 
days. 

Xo hatch was ol)tained from ()99 eggs held at ^5° and 572 eggs 
held at ^17.8° C. Some of the eggs held at these tem])eratures Ix^came 
enlarged and split open longitudinally, ex[)osing partially develo|)ed 
lai vae, but more of the eggs simply collapsed. Other eggs remained 
white, turgid, and aj)])arently noianal after being lield for days at 
;i7.8° (\ 

Kggs hatched at tein|:eratures ranging from 15° to H2.5° C. A 
total of ►1,520 eggs weie incubated and observed at several temper- 
atures witliin tliis range. Kggs held at 15° were observed usually 
twice each day, and those of one group (a) held at 25° vveie ol)served 
ev(‘ry ►! hours througliout the day and night. On eggs held at 20°, 
►‘10°, and -12.5°, and on a second group (b) at 25°, the time of observa- 
tions was varied in an attempt to obtain points (^jually s|)aced in 
tei-ms of the logarithm of time, according to the method used by 
Bliss."’ A sunimai’y of the incubation and Itatching data obtaineil 
at the various temperatures is presented in tal)le 1. 

Tabi.k 1 . — Sinnmary of on incuha{io7i and hatrlring of Ayio-^trepho 

.'icrpenlina cggn 


Tcinpcratun' CC.) 


IT)... 
2 (» . 
2r. (a) 
25 (h) 
30. 

32.5. , 




Incubation 

IlatcbiiiR 

Incubated 

llalclu'fl 

j>crio(i 

period 

X(i mf»er 

Pneent 

Ilovrs 

/ ioUTfi 

17'J 

i 15. t; 

301.0 

112.5 

I 743 i 

1 52, 1 

144.0 

80.7 

3(>h i 

21.5 

!H). 0 

0 

<iK2 i 

40. 5 

80. H 

51.2 

! 74! 

4H. 0 

04. 0 

1 40. 2 

1 SU7 

33. 3 

04. 5 

1 33. 2 


MATHEMATICS OF THE HATCHING PROCESS 

A matheinatical tiaaitineiit of the hatching data was undertaken, 
and since satisfactoiT curves were fitted the essential di'tails of the 
study will be descrilied. 

The asyrnmetric sigmoid curve obtained when the cunuilatiye liatch 
was plotted against total developimmtal tiini' suggi^sted that it might 
b(* transformed to a straight line by coiivi'rting the p(*r(‘eutages of 
cuinulativi^ liatch to probits and th(‘ time units to logarithms. The 
straight-line relationship was not obtaimMl, however, until a time 
constant was subtracted from th(‘ total d('V(do])mental time. The 
incubation pi'riod was used as the ('onstant. 

The introduction of the time constant into the logarithmic term 
to fit the probit data to a straight line is in harmony with tlu‘ use ot 

® Bliss, 0. I. the calcclation of the time-mortality ;vnn. Appl. 

Biol. 24: 815-8,52, iUiis. 1937. 

® Bliss, O. I. the calculation of the dosage-mortality curve. Atm. 
Appl. Biol. 22: 134-167, illus. 1935. , , 
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similar coiislaiils by other workers. Bliss ^ introdueed a ^Hhreshold 
coru‘entratioii^’ to straighten dosage-mortality curves, and Starr (un- 
}niblisbed reports) used an ‘^approach-period equivalent” to produce 
straight mortality curves. 



Fkmire 1. — Hatch of Anastrepha Herpentinn eggs at 15° and 20° in lenns of 
probits and lognrithms of {T - 1). At 15° 7/^2.67 log {T - 301.0) -f 1 .21. At 
20° 7/=4.21 log (T- 144.0) -0.16. 


Th(‘ c-onveited hatching data for ('ach t('st si irirarizcd in tal)l(‘ 1 
were plotted, and the results obtained at 15° and 20° C. are shown in 
figure 1. In each case approximately a straight line was indicated, 
which may be represented by the geiu'ral equation 

y=m [log {T—I)] + b (1) 

where y is the probit of the percent cumulative hatch, in is the slope 
of the line or the rate of hatch, T is the developmental time for tin* 

f ortiori of the eggs represented by ?/, I is the incubation period, and 
is a (xmstant which corrects for tlie fact that the line may not pass 
through tht^ origin. 

The incubation pcuiod as determined in these studies is not com- 
pletely independent of the number of eggs that hatch. A larg(‘ sample 
has a broader liatching range than a small one, the first egg hatcliing 

^ Bliss, C. I. the relation between exposure time, concentration and 
TOXICITY IN experiments ON INSECTICIDES. Ent. Soc. Amcr. Ann. 33: 721- 766, 
lllus. 1940 
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a little soon(*r‘ and tlie last egg eousiderahly later. For a given tein- 
peratur(‘ tli(‘ observed ineul)ation pcTiod should he eoiistaiit within 
about 4 percent, which is sufficiently accurate to be used as a time 
(‘onstant’’ in tlu'se calculations. The incubation period could be 
determined rnorc' exactly by a combination of nior(‘ frc'ciuent obst^rva- 
tious and largiu* numbers of viable eggs. Tl)e true value could be 
expected with an infinit(‘ number of viabh' eggs and continuous 
oliservation. 

A study of the varialiility of tlie incubation period with tlu‘ nurnlxu* 
of viabl(» eggs was based on the e(]uation for th(‘ line' for 20° C. in 
figure 1. Th{‘ incubation period of 144 hours (tabl(‘ 1) was found 
experimentally with 387 viabh^ eggs and oliservations ap{)roximat(‘ly 
(‘V(u*y 3 hours. Assuming hourly obsiu-vations and 144 hours as the 
true incubation period, tlu' relation between the number of viable eggs 
and the ol)S(‘rved incubation period was calculat(‘d. The exjiecteal 
hatch at any tinu* for any given numlxu* of viable eggs may be calcu- 
lated from the equation. Wluui any value Ix'low 50 is seh'cted for the 
p(‘rcent hatch, th(‘ first (‘gg to hatch automatically fixes th(‘ total 
numlxu* of v iable (‘ggs. The perc(‘n( liatch as used abov(‘ is not the 
percent of vialih' eggs, but the percent of the total viabh^ eggs tliat 
have hatched at a given tiim*. For exainph^, at 147 hours a probit of 
1.85 is calculat(‘d from the (‘quation at 20°. The probit is equivalent 
to 0.082 pi'rcent. In ordei* for thi‘ first hatched egg to be 0.082 
])erc(ait hatc'h, tlx're must be 1,220 viable eggs. From a group 
containing 1,220 viabh* eggs liatch should Ix' observed at 147 hour’s, 
but not at 140; therefore, tlu' incubation period is naxirded as 146 
hours in table 2. 

'I'abi.c 2.- Expected variation in the e.stinialion of the incahatioa period with the 
nnndier of viable egga of AjiaMre pha .serpentina at 30° C. 


Xiinibor of 

Incubulion 

’ .\urnr)er of 

liifiibiitioii 

viabl(' rggs 

period 

i viul)U' ; 

period 

_ .... 

Jlofirs 

1 

Honrs 

2().()(K) i 

Hf) 

7n i 

148 

1 . 220 i 

I4r> 

ii i 

149 

‘m ; 

147 

:: 18 : 

ir.0 


If as many as 233 \ iabl(‘ eggs were us(‘d in an (‘xpruhnent, and 
obser-vations were taken hourly lx*for’e the initial hatch, the difh^rence 
in incubation jx^riod would be 2.1 pei’cent. Fvrui with as h'W as 18 
viable eggs the (vrror- would ho only 4.2 pcu’cent. 

The two experiments which woi'o run at 25° C. ga\(‘ valiK's of the 
incubation pculod in agi-eement with the theory. W ith 79 and 276 
viable t'ggs the observed incubation pculods w(*i’(‘ 90 and 86.8 hours, 
r('Spe(‘tively. Th(‘ differ’ence was less than 4 prux'ent. 

The reaction of the first individual, a method used succc^ssfully by 
Bak('r and cow orker-s,'^ gives a useful ineasun' of tlx' incubation period, 
because a relativt*ly large poi’tion of the eggs hrTch ditring tlx' first 
part of the hatching p(vriod. Tin' distribution becomes normal when 
the time units ai’e converted to logarithms, and the I’eaction of the 
first individual is stabilized by the large per’centage of the population 
which reacts within a short time after the first. 


See footnote 3, p. 266. 
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The effect of temperature on the hatcliing process may be conven- 
iently summarized by showing the relationship of temperature to each 
of the constants given in ecjuation 1. As shown in table 3, between 
15° and 30° C. the incubation period (7) is inversely proportional and 
the rate of hatch (m) dinn^tly proportional to the temperature. The 
value of 6 is variable, but this variation is in no way correlated with 
the temperature. Both tlu^ incubation period and the i’ate of hatch 
indicate that 30° is close to the optimum temperature. The rate' of 
hatch was decreased at 32.5°, whereas the incubation period was nearly 
the same at 30° and 32.5°. 


Table 3. — Ohaerved and calculated values for inenhation period and rate of hatch of 
Anasirepha serpentina eggs at different temperatures 


Ti'iiijM'ralnrr (0, 

Incubation period (/) 

Rate of hatch (m) 

Constant 

Obscrv('(i 

CabnilMtcd 

Obscivcd 

Calculated 

(h) 

15 

TIotirs 

.301.0 

llourK 
300. 5 

2. 07 

2. 89 

1 . 21 

20. . , 

144. 0 

142.7 

4. 21 

3. 78 

-. 10 

25 (aL. 

90. 0 

88.9 

4.4.3 

4. 00 

. 08 

25 (1)1 . 

HO. S 

88. 9 

4. 70 

4.00 

.73 

;io .1 

04. 0 

04.0 

5. 53 

5. .55 

-.08 

32.5 ..| 

04. 5 


4.40 


1 . 32 

A v('ray 0 1 





' . 02 


The equations i‘epresenting the (‘fleet of temperaturt* on these two 
(constants were obt lined by the method of l(‘ast squares. 

l/7-0.0008471f~-0.009933 (2) 

7a=-0.1708^+0.242 (3) 

Th(‘ ol)served and calculated values giv(‘n in ta,bl(‘ 3 indicate that the 
equation is fairly exact for th(‘ incubation period. The graphic 
pr(‘S(‘ntation of th(‘ teinp(‘ratur(‘ effects is shown in figuj*(‘ 2. It will 
be s(*en that any deviation from the lujcai* t(‘mp(‘ratur(‘-v(‘lo(‘ity 
relationship in the hatching process must oc(*iir al)Ove 30° and below 
15° C. 

By means of equations 2 and 3 it is possil)l(‘ to calculate the incuba- 
tion period and rat(‘. of hatch at any tempt‘rature btdwec'ii 15° and 30° 
C. within th(^ limits of error. With these calculated constants hatch- 
ing curves were calculated at each of the temperatures studi(‘d. Th(‘. 
agr('ement between the calculated curves and the actual obstu vations, 
wliich is showui graphically in figure 3, is usually within 5 hours. 
Since no relationship was developed for the percentage of hatch as 
affected by the temperatuie, the numb(*r of viable eggs as found by 
experiment was tak(‘.n for the calculations. 

LARVAL STAGE 

METHODS USED IN STUDY 

Following a technique devised by W. E. Stone (unpublished), newly 
hatched larvae were removed from incubation dishes with a camcBs- 
hair brush and placed individually in a notch cut into the edge of a 
thin slice of fruit. The slice of fruit was sandwiched betweem two 
pieces of glass (2K by 2% inch(‘s) and sealed in place by dipping the 
edges of the glass mount into melted paraffin (fig. 4). Excess juice 
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at tlio liigbor ternp(‘ratiirt‘s, it was necessary to transfer larvae to fresh 
slices about every 24 hours. Fungus growths on fruit were reduced 
to a minimum through frequent changes of the media and by the use 
of sterilized instruments and glass plates. 

The early studies on larval development were made with a white- 
fleshed vai’iety of peach. Later in the season it became necessary to 
substitute a yellow-fleslied variety. The latter proved to be much 
sup(‘rior, because the flesh did not darken for at least 24 hours and the 
cast skins and mouth hooks of larvae were readily visible against such 
a background. 

Chicozapote when mealy ripe furnished a more satisfactory medium 
for rearing the larvae, but the mottled coloration of fruit cells made it 
difficult to locate first instars. When tlie fruit r('a<‘hed this stage, it 



Figure 4. — Mount with slice of chicozapote held between glass plates, showing 
larva and larval tunnels of Anasirepha serpentina: A, Closed tunnels; B, open 
tunnels. 
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was held in a refrigerator to avoid rapid desiecation. Green fruit and 
fruit allowed to ripen in cold storage apparently poss(\ssed (‘ertain 
(jiialities that inhibited larval de\elopment, for in early studies at 
25° C. only 1 out of 50 larvae survived when placed in green chicoza- 
pote. Later, when ripe chicozapote was used, 11 out of 15 larvae 
mounted were reared through the pupal stage at this tempei*ature. 

Larvae W(M*e held in a succession oT sandwich mounts until late in 
the third stadium, when they usually became sluggish. Each larva 
was then placed in an excavation in a freshly cut ])i(‘ce of fruit, whicli 
was h(‘ld over sterilized sand in a sterilized ciystallization dish. The 
larva could thus feed on tlie fruit or enter the sand to pupate. Con- 
stant vigilance was recjuired to prc'vent tlu' growth of fungi. The 
fruit wars changed often, and mycelial threads found on jiuparia were 
removed with a fine brush moistened with dilute* alcohol and cupric 
chloride solution. The fruit wnis removed fiom the dishes as soon as 
the* larvae pupated. Puparia were examined daily, and the sand was 
k(‘pt moist wdth a 0.1 percent cupric chloride solution. 

MOLTING PROCESS 

This fruitfly, in common with many otlu'r Dijitcra, has thi‘ee larval 
instars. lairvae in jiroeess of molting we're see'n on se'vera] occasions. 
Jn one' instane'c a first instar he*ld at 25° C. was observe'el changing to a 
se'e'ond instar. Whe*n first neiticeel the larva wuis lying mi its side^ in a 
^^se'miparalyzeei’^ conelitie)n anel posse'sse'el mouth hooks of beith instars 
(fig. 5). The first -instar hooks w^ere in front anel to one side' of the 
new^ se't of hooks, wdiich, of course', we're an integral part eif the larva. 
The* lai’va maele vigoreius e'ffeirts to free* itsedf e)f the* meiuth hooks anel 
skin. For about 20 minute's it ke'pt redling ove'r anel making freepient 
we'ak jabs with its he*ad, oce'asionally contracting lengthwise and be'iiel- 
ing in sue'h a way as to jab the enel e)f its boely. During the* next 15 
minute's its activity increase*el, the* larva making numerous longituelinal 
piopulsieins peistcriorly, until the*. e*ast skin wuis i-uptured or loose'iieel 
anel the* molting was comple*te*d. The* larva then crawled away anel 
within 4 or 5 minute's be'gan fee'ding voraeuously. 

LENGTH OF LARVAL PERieiD 

Except for 12.5° C., the larval de've'le>pment was stuelie'el at the 
same* temjierature'S that were* use*el in the stuely of the* egg stage. 
The tc'sts at 10° C. comprised 01 larvae* that emei’ged from e'ggs 
incubateel at 25° w hich w e're mounte*el in pe*ach, anel 15 larvae* from e'ggs 
iucubateel at 20° whie'h were* mounteel in chicozapote. No larvae* held 
at this tempe*rature* attaine*el the seconel instar. At 15° I out e^f 30 
larvae placed in peach complete'el the larval stage, as compared w itli 4 
out of 1 1 larvae in chicozapote. 

Te'mperatures at 20°, 25°, and 30° C, are* considered the optimum 
for larval survival (table 4) . The* length of the larval pe*rie)d, especially 
the third stadium, varied wieh'ly at 25° and 30°. Mueh of this vari- 
ation is ascribed to diff('re*nce*s in time spent in a semidormaiit e*ondi- 
tion be'fore pupation. Senne third instars that appeared to be full 
grown continued to be ve*ry active although they eliei not feed. 
E'er this reason it was not always possible* to elete'rmine' w ith certainty 
just when larvae should be transferred from fruit lu*ld between glass 
plates to fruit held over sand. 

The single larva to develop at 32.5° C. spent 2.5 days in the first 
stadium and 1.5 days in the second. At 35° from 4 to 9 days were 
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spent in tl>e first stadium and 5 to 8 days in tlic second, witii death 
ensuing in the third. It appears, therefore, that the delay in develop- 
ment was due to the high temperature. 

Of 77 larvae mounted in slices of peach at 37.8° C., none survived 
long enough to reach the second instar. On the other hand, the thin 




A 



C 

Fio.ure 5. — Mouth hooks of larvae of Anastrepha serpentina: A, First iiistar 
B, second instar; C, third instar. The line below eacti figure represents 0.04 
nun. 


Table 4. — Average length of immature stages of Anastrepha. serpentina when held 
at various tern peratu res on peach and chicozapole 
DEVELOPMENT ON 1»EACU 


Temp- 

erature 

(“C.) 

Indi- 

viduals 

Egg 

stage 

I^arval p<‘riod 

Pupa- 

ria) 

stage 

Total, 
egg to 
adult 

Sex of adults ’ 

Fir.st 

Second 

stadium 

Third 

stadium 

Total 

Male 

Female 

15 

20 

25 

30 

Number 

1 

2 

15 

7 

Days 

2 10 

7 

4.2 

3. 1 

Days 

12 

7.5 

3.8 

3.7 

Days 

17 

4 

3.4 

3.3 

Days 

21 

12.5 

0. 1 
10.4 

Days 

50 

24 

10. I 
17.4 

Days 

66 

26. 6 

16. 6 
12.4 

Days 

121 

67 6 
30.8 
. 33.0 

Number 

0 

1 

6 

2 

Number 

1 

1 

8 

6 




DEVELOPMENT ON 

CUICOZAPOTE 



16 

4 

2 16 i 

12.3 

0 

20.3 

41.6 

3 66. 8 

114.3 

4 

0 

20 

10 

7 

4.9 

3.6 

11.1 

10.4 

27.3 

53. 7 

4 

16 

25 

12 

4.3 

3.6 

2.8 

8.9 

16.2 

16.2 

35. 7 

6 

7 

30 

14 

3 

3.1 

2.4 

6.2 

11.7 

12. 3 

26.9 

7 

7 

32,5 

1 

4 3 

2.6 

1.6 

7 

11 

3 12 

26 

0 

« 1 


I A t 25° C., only head of fly emerged from 1 puparium; sex not determined. At 30°, 3 of the 7 flies emerged 
with drooped wings, with somewhat malformed bodies, or with drooped wings and malformed bodies. 
5 These flies were actually incubated at 20° C. 

a In 1040 E, W. Baker obtained the following results: From approximately 100 puparia held at 16° C., 64 
flies developed in 66.4 days, and from the same number held at 32.6°, 2 flies developed in 12 days. 

< This fly was actually incubated at 26° C. « Fly was small, with drooped wings. 
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slices of chicozapotc dried rapidly at this temperature and did not 
supply the larvae with suitable food. TIk^ developmental period was 
invariably longer when larvae werc^ reaied in peacli than wlien reared 
in chicozapote. 

PUPARIAL STAGE 

All larvae able to complete d('velopment were resiu-ved foi* observa- 
tion in the puparial stage. The length of time spent in this stage is 
summarized in table 4. The fruit on which the larvae were reared 
had no (dfc'ct on the length of tin* puparial stage. A comparison 
indicated that th(‘re was no ditfenuKa' in duration within puparia 
held ov(‘r sand or filter paper. 

0.040 , ^ 


2 .030 


lij 

> 

UJ 

Q .025 



TEMPERATURE (^C.) 

Figure G. — Devclopincut of Annslrepha serpentina from egg io adult 
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TOTAL LENGTH OF DEVELOPMENTAL PERIOD 

The total length of the developmental period, egg to adult, was 
long('r in peach than in chicozapote (table 4), and a much smaller 
p('rc('ntag(> of individuals were found to complete developmcmt. 
Wlien th(' rate of development, measured l)y the reciprocal of time in 
days, was plotted against temperature (fig. 6), linear r(‘gression lines 
wei‘e produced which showt'd th(‘ contrast in tin* rate of devcdopnnmt 
in the two hosts. Data on the egg and larval stages indicat(' that the 
lower limit of developnnmt is betwH>en 10° and 15° C. and the upper 
limit between 32.5° and 35°, but somewdiat lowtvr t(‘mpere,tur(‘s »,re 
pi'obably n^quired for normal fly em(‘rgence. Flies wdth di'ooped 
wings, with nialfoniKMl bodies, or wdth drooi)ed wings and malformed 
bodies were observ(‘d at 30° and 32.5°. Again cliicozapote appecjed 
to be a bett(u* m\'dium than pea(‘h. 

SUMMARY 

As Anastrephu serpenthai (Wied.) is known to develop in S('veral 
fruits of economic* im[)ortance, tln^ development of tlu' immature* 
stiig(*s of this fly was studied. 

h^irst oviposilion occurre'd 16 days after* flies began to emc'rge* from 
puparia. Eggs were* proevued from confined fli(*s by exposing arcs of 
fruit skins fastened by pai*aftin to glass j)lates. The* fact that this 
fi’uitfly pre‘fe*!*red ehicozapote skins to peach skins for oviposilion was 
shown to be highly significant. 

Eggs for incubation anel hate*hing studies were he*]el in Syrae’use 
wntch glasses in cabine*ts at temperature's ranging from 10° to 37.8° C 
Hatch occui’re'd from 15° to 32.5°, and the in(‘ubation pe*riod range*d 
from 361 to 64.5 hours. 

After the* inculiation pe*riod The hatching pre)cess a])proximate*el 
a straight line when the probit of the cumulative |)e*re*e‘nt hatcli was 
plotted against the logarithm of time. ''Jlie* te*mperature* e'flVct on (he 
re*e*iprocal of the incubation period and on tJu* rate* of hat(‘h was 
measured so that approximate hatching cuives might be (*alculate*d 
at any temperature from 15° to 30°. 

The* larvae* were reared at temperatui’e*s from 15° to 32.5° (\ l)y 
placing them in slice's of fruit ln*)el betwe'e'U glass plate's. iMe*aly>i ipe^ 
chicozapote* provieled the* better medium for larval de*ve*lopnie*nt but 
peae'h was also use*d. 

Molting of the* first instar was obse*rved in some detail. The se*cond 
stadium was generally shorter than the first, but the thirel was con- 
sielerably longei* than eitlier of the* otliers. 

Jn peacli larvae developeel in 50 to 17.4 days between 15° and 30° C., 
whereas in chicozapote development required only 41.5 to 11.7 days 
in the* same temperature range and 1 1 days at 32.5°. 

Holding and caring for puparia in crystallization dishes is describe'd. 
The elevelopmental time was nearly the same for puparia formed 
from larvae fed on peach and on chicozapote. 

The total development, egg to adult, ranged from 121 days for one 
individual reared in peach at 15° C. to 26 days for individuals reared in 
chicozapot(* at 30° and 32.5°. Development in peach was invariably 
longer than in chicozapote, the difference being in the feeding or larval 
stage. 

When the rate of development in each fruit, measured by the re- 
ciprocal of time in days, was plotted against temperature, linear 
regression lines were produced. 



STUDIES IN THE CHEMISTRY OF GRASS SILAGE ’ 

By J. G. Ar(tubaih) 

Rfficdrrh 'profimoi' of animal husbandrip ManmchumiH Agncnllural 
Experiment Station 


INTRODUCTION 

la (‘oiiuoction with an attempt to find suf)stitutes for molasses us 
pj'('S(Mwatives for sila^i' in our wartiim^ ('(‘oiiomy, and to ascertain 
wln^tlier ^ood quality ^rass silage could possibly be mad(' witliout any 
pr('S(*rvative, a ratlurr (*xtensiv(‘, study of the biocln'inistry of nunKu- 
ous kinds and types of silag(‘ was carried on dui*in.g th(‘ seasons 1942 -43 
and 1943 44. 

Th(^ literatuiH' of silage making is voluminous and no gooil purpose 
would be s(‘i-ved by att('mpting to r(‘vi(iW all or (‘ven ajiy consid(U*able 
f)art of it luM'c. Tlu‘ nanhu- is i-id'ernal to rc^views by Bender and Boss- 
liardt (!^)/ Hopkins and Ripl(‘y (5), LeClerc (6'), and \^’oodward and 
Sh(‘pherd (US). Earli(‘r clnunical studi(‘s are confined pretty largidy 
to routine fodd(‘r analyses which, whil(‘ they furnish information on 
f(a‘ding valu(‘, shed little light oJi th(‘ fermcJitation process or on those 
end products (t'spi'cially volatih' acids ajul ammonia) which det ermijie 
th(‘ (juality aJid ])alatability of tin* silag(‘. Not(‘Woi*thy ex(*eptions to 
this stat(‘ment are tln^ work of Dox and N(‘idig (5', Jf), Neidig (P), and 
Swanson and Tague (/o), although Dox and Neidig worked only with 
the corn plant. R(‘cent contributions oji the subjead wiiicli aiv of 
significance hoiw iiichuh' th(‘ work of Watson and Ftvrguson (17), 
Berkins (//, 13), and Stone et al. (BD- 

EXPERIMENTAL METHODS AND MATERIAL 

Fort^y samples of silag(‘ re])resenting various cro])s ajid trcaitments 
were analyzed to d(‘t(‘rinine moisture content, pll values, total nitro- 
gen, wnxtcr-sohibh* nitrogen, carotiujc, volatile bas(‘s, total acidity, 
amino acids, lactic acid, a<*eti(’ acid (total and free), and butyric acid 
(total aJid fi’ce). Iji addition, the first five of th(‘ above (‘ntiti(\s W(‘re 
d(‘termined in nuw sam})les of tlu' fresh greem crops before ensiling. 
The methods used were*: For moisture, the Brown-Duvel toluene dis- 
tillation procedure as modified by the Association of Oflicial Agricul- 
tural Chemists (/, p. S5S); pH values, a wniter extract of the finely 
chopped silag(‘, using a (\)leman pH meder with glass eleetrode; total 
Jiitrogen in the fresh sample by tin* usual Kjeldahl procedure; w^ater- 
solubki iiitrogcm, the iindhod of Watson and Ferguson (77); carotene, 
the method of Wall and Kelley (16); volatih' bases, total bases, total 


1 Received for piddicatioii October 12, 1944. Gout rihiil ion No. 538 of the 
Massachusetts Aixricultural Experiment Station. 

2 Italic numbers in parentheses refer to Literature Gited, p. 287. 
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acidity, and amino acids by the method of Foreman as outlined by 
Watson and Fergiisoti {17) \ acetic and butyric acids by the method of 
Wiegner as given by Watson and Ferguson {17)] and lactic acid by 
difference as suggested also by these workers, i. e., total acidity— 
(amino acids + acetic acid + butyric acid) —lactic acid. In addition 
to the above the customary foddeu* analyses were also made. 

In sampling from the large silos on tlu' college farm small handfuls 
of silage were taken here and there over the entire area of a freshly 
exposed surface, sufficient to fill a friction-coverc'd tin pail of 6-quart 
capacity. Samples submitted from farms were usually of much 
greater volume (a bushel or monO, thus affording an opportunity for 
careful subsampling. Samples from tlie miniature silos were taken 
from all tlirougli,that part of the mass of silage which was not obviously 
spoiled by rot or mold. All determinations except fat, fiber, and ash 
were made on the fresh samples finely (‘hopped with scissors just before' 
weighing. Total nitrogen was determiiu'd in both fresh and dry 
material. 

The sample's may be dividenl into 3 lots: (I) A seiie's of 20 samples 
(16 of silage and 4 of fj-('sh uju'nsiled crops) wliich were' obtaiiu'd in a 
study of 2 crops ti‘(*at(Hi witli various pr('S(M*va lives in niiniaturt' silos, 
during th(‘ season of 1942 -43; (2) a seri('s of 19 samples of differemt 
origin and nature, obtained also in 1942-43, 13 of which W('re scnit in 
by cooperating farmers ^ inter('sted in tin' pi‘oje(‘t, tlu' otlu'r 6 Ix'ing 
obtained from the large silos on the college farm; and (3) a s('ri(‘s of 
10 samples (5 of silage and t5 of tlu' (‘orre'sponding crops befoj‘(* 
ensiling) obtaim'd from 1 of the larger silos on tin' college' farm during 
the seuison of 1943-44. 

As already noted, the^ first lot of sample's came' from miniature silos. 
Th(> objective of the study with tlu'se was to asce'i^tain whe'ther J’esults 
might be obtained from small (‘ontainers which would be similar to 
those seemre'd from large silos. Statements in the' lite'rature are' con- 
flicting on this point; it is obvious that if small (‘ontainers could t)e 
used with confide'uce in the re'sults obtained, progress toward the 
main obje'ctive's of the inve'stigation would be' greatly acce'le'rated. 

The containers employed for the purpose w('r(> heavy glass cylinders, 
9.5 inches inside diamete'r, and 39 inclie'S high, ope'ii at both ends. 
The volume was slightly under 1.5 bushe'ls. Sixteen such (‘ontaine'rs 
were used in accordane'e with the sche'dule in table' 1. They were' 
subjected to as much pre'ssure as was practicable (120 pounds pe'r 
square foot) and were kept in a darke'ue'd room. 

The se'cond lot of sample's was obtaiiUHl for the most part without 
resort to any spe'cial expe^rimental set-up. All we're' from large silos 
(100 tons capae'Ity or more) and re^pre^sented conditions re'gularly 
existent in |)raedical ope'ratiojis. Two of tlie'in can be compared with 
(‘-e'rtain samples in the*- pre'vious group; they we're from the same* le)t 
of mixed grass ensiled at the same time, the only diffe'rene'e being that 
they were from 100-ton silos on the college farm. Thus a direct 
comparison was provided l)etween large silo and small container on 
the same lot of grass and with the same preservative. 

3 Acknowled^yineiit is made of the? co()])eration of these men and more especially, 
Of the interest taken by Herbert A. Brown, county agricultural agent at Concord, 
Mass., who was instrumental in obtaining the samples. 
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Table 1. — General outline and sample identification ^ 


LOT 1 (FHOM MINIATURE SILOS) 


Mlxod grasses: * 

1. The fresh, uiieiisiled crop; Nos. 5, (>, 7, and 8 
represent the ensiled product. 

2. As in 1; Nos. 9, 10, U, and 12 represent the 
('nsiled fm)diict. 

Alfalfa: 3 

.‘L T^nwilted. 1’ he fresh croj); Nos. Ti, 14, If), 16, 
and 17 repr(‘sent the ensiled i)rodiiet. 

4. Wilted for 27 hours; Nos. 18, 19, and 20 repre- 
sent the (iiisiled product. 

Mixed gi'ass silage; 

fi. No preservative. 

0. Lactic achl culture 6)0 lbs. {LudohadUus 
hutgaricus) . 

7. Salt -18 lbs. 


8. Lactic acid culture an<l salt. 

9. As ill No. i)liLs a little water. 

10. As in No. 0 jilus a little water. 

11. As in No. 7 plu.s a little water. 

12. As in No. 8' plus a little water. 

Alfalfa silage; 

10. I’nwilted. No preservative. 

14. Unwilted. Lactic acid cult ure. 

If). Unwilted. Molasses- IK) lbs. 
to. Unwilled. Salt. 

17. Unwilti'd. Lactic acid culture and salt. 

15. Wilted, No ])reservativc. 

19. Willed. Lactic acid culture, 

20. Wilted. Molas.s(‘s. 


LOT 2 (MISCELLANEOUS SAMPLES— ALL SILAGES) 


Mixed gras.se.s; 

21. No i)reservative. Similar to ."j and 9, e.xeept 
from a large .silo. 

22. Lactic acid culture. Similar to 0 and 10, 
excejit from a large silo. 

20. Lact ic acid (mlture and salt— 1.*) lbs. 

24. Molasses 40 lbs. 

Mixed grass and clover; 

25. Lactic acid culture and sait 8 lbs. 

20. Molas.ses- 50 lbs. 

Timothy and clover: 

27. No pre.servutive. 

28. Molasses— amount not known. 

29. Molas.se.s— 0.5 lbs. 


Oats: 

30. No i)re.servative. 

31. .Lactic acid culture and sait (10 lb,s.) 

Oat.s and peas; 

32. No pre.servative\From the .same silo 7 weeks 

33. Do. j apart. 

34. Salt— 10 lbs. 

Winter w heat; 

35). Salt— a imilful to a load. 

Soyl)eanst 

30. Mola.s.ses— amount not known. 

Sudan gra.ss, millet, and sorghum: 

37. Mola.s.se.s— amount not known. 

('orn; 


LOT 3 (FROM LARGE EXPERIMENTAL SILO) 


Mixed grass and clover; 

40. Th(‘ fre.shl.N' chopj»t‘d crop aflt'r pres(>rvative 
has been added, but befori' ensiling. 

41. Do. 

42. Do. 

43. Do. 

44. Do. 


45. Molassi's (75 lbs.) and urea (10 lbs.). No. 40 
afl.ei (*nsiling. 


40. Urea (10 lbs.) .No. 41 after ensiling. 


47. 

Ground 

ensiling. 

wlieat ■ 100 

Ibs.-No. 

42 

after 

48. 

G roiiml 
ensiling. 

wheat- 150 

lbs. -No. 

43 

after 

49. 

Ground 

ensiling. 

wheat— 20(1 

Ihs. No. 

41 

after 


1 Amounts of prt*servat ive givim are per ton of green crop; where not stated they arc t Ik' same as previously 
noted in tlu' lot in (juestion. In tlie large silos laetie acid culture was ajiplied at several levels, being first 
diluted with wniter; a sprinkling can full of the diluted culture was used at eacli level. 

2 Headed to some extent hut not in bloom. 

8 In full bloom. 

Th(' third lot wtis from ti dofinito oxptMirnidital sut-u]) in a lOO-tori 
silo; fivu (UiriH’unt lots of silage were tnaited as outlined in tahk' 1. 
Assurance that each sam]>le of silage would repn^sent material identi- 
cal, or nearly so, with that of the corresponding sample of fresh crop 
taken at filling tinu* was provided for by the following proetnlure: A 
sample of the freshly chopped crop to which the specific preservative 
had been addt'd in routine fashion was tak(*n from the silo about mid- 
way of eaeli lot; at the same time a clean burlap grain sack was filled 
with the same material as the sample, and, properly tagged, wuis 
buried in the center of the silo. From each sack when reached as the 
several lots wej*e fed, the corresponding silage sample was secured. 
Table 1 outlines the scope of the w^ork and serves to identify the sev- 
eral lots and samples. 
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CHEMICAL ANALYSES 

Liinitations of space preclude presentation here of the large accuinu- 
lation of detailcHl data. Instead, general summaries and emphasis 
on high lights and on significant diff(u-ences are depeiid(‘d upon to tell 
th(' story. It may b(> of interest to note in passing that the work in- 
volved over 800 chemical determinations (not counting parallels) in 
addition to sevivral hundred other observations most of which were 
organolc'ptic. All values ex(‘ept moisture, pH, and carot(>ne are re- 
ported as perccuitages in the dry substance; the first two exceptions 
ar(‘ of course the values for the fresh silage; the carotcuie valu(‘s an' 
expressed as milligrams per pound of dry silagc'. Not all of the various 
(‘iitities determined arc' re])orted: it beca-nn' ('vid(‘Jit u])on critical ex- 
amination that soiiK' of them showed only minor variations from 
sample to samph', and hence contributed nothing of significance to the 
findings. Table 2 summarizes the n'sults from two standpoints - 
variatioTi due to (1) kind of crop ensiled, and (2) kind of preservative 
used. 


YARiao 2. — Coirrposiiioti. of ullage an iriflyenred hy kind of rrop and by preservative 

used ^ 


Crop cn.silc(l atid i)n'.^crvativc u.scd 

I>JI 

Volatile 
bases ■- 

Total 
aei<lity ■' 

Lactic 

acid 

Acetic 

a(!id 

Butyric 
'■ a('id 

Caro- 

t(‘ne 

(Yop: 


Percent 

Perce vt 

Perce til 

Percent 

Percent 

, . 

Mil. per 
pound 

Alfalfa - 

4.5 

0. 70 

14.41 

4.75 

5. 49 

0. (iO 

40 

Mixed grasses 

r». 2 

1.49 

11. 43 

. 10 

1.84 

7. 29 

80 

Mixed grasses and clover 

4. (i 

.70 

9. 08 

3. 04 

1..50 

2. 98 

OS 

Timothy and clover 

4.5 

.78 

12. 18 

3. 2<) 

3. 52 

2, 80 

77 

Oabs.., 

.5.2 

.()0 

7. 0.5 

2. 0«) 

1.0)5 

2. 40 

88 

Oal s and peas . 

4.5 

- .40 

10. m 

3. 90 

2. 00 

. 50 

89 

Winter wheat . .. 

5.4 

.81 

11.28 

None 

2. 20) 

0). 88 

117 

Sudan grass, millet, and sorghum 

4.5 

..58 

9. 00 

1.13 

2.28 

4. 42 

18 

Soybeans 

4. a 

..54 

13. 00 

4.73 

4.12 

1.04 

28 

Corn (included for compari-son) . . , 

8.8 

. 20 

14. 04 

7, 58 

5.22 

Noik' 

27 

I'reservative; 

None ^ . ■ - 

4.H 

.92 

11.20 

2.,5H 

2.0)9 

2. 87 

58 

Lactic acid culture i 

4.7 

1. 14 

12.89 

2.0.2 ! 

3.27 

4. 21 

0)8 

Salt ! 

5. 0 

1.08 

11.01 

1.01 

2.88 

5. 18 

77 

La(;tie. acid culture and salt ! 

5.8 

1. 14 

11.23 

.19 

8.34 

5. 38 

()8 

Molas.s(*s . - . 

4.5 

.74 

12. 48 

4. 2(i 

3. 21 

8. 04 

0)2 

Mola.s.scs and urea . | 

.5.2 

1.70 

10. 08 

4. 10 

1.92 

2. 74 

()3 

Urea.. 

.5.t) 

8. 80 

13. 1 1 

None 

5. 08 

0). 44 

180 

0 round wheat 

4.8 

..50 1 

9. 02 

5.00 

1.04 

2. 49 

54 


1 'rh(i values in this tal)le are eomposites, and include all samples listed und(‘r fh(> specific corresiumding 
caf eKury in table 1. 

‘^Volatile bases jire expressed as i)ercenlape of ammonia in the dry substance. 

3'rotal acidity is expn'ssed as the weighted percentage of amino, lactic, acetic, and butyric acids in the dry 
substance of each samplis based on tlie molecular weights of the acids in question. (Amino acids were cal- 
culated as an average of aspartic and glutamic acads, based on their molecular weights.) 

< I)oe.s not include the values for corn silage. 


Variations due to the crop used were more significant than those due 
to the action of preservatives. The principal points of int.erest are: 

(1) In general the legume silages developed a higlu'r acidity than 
those made from grasses or small cereals; also the presence of a legume 
in a mixture resulted in higher acidity. The inverse relationship held 
true for volatile bases, which is what would be expected. 

(2) For the most part also the legumes developed a higher total 
acidity. Differences, however, are more evident in the type of acidity 
than in the total amount. The legume silages were characterized by a 
relatively high content of lactic and acetic acid and their influence 
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in this respect is also (evident in the mixed crop silages; the grass 
silages and (‘crtain of the small cereals, on the other hand, had a 
relatively higli butyric acid content and little or no lachc acid. 

(3) Th(' two lots of corn silage offer a striking contrast to the grass 
silages in their low pH, values very low volatile base contc'iit, high 
la(*tic and acetic acid, and absiaice of butyric acid. Tliis seems an 
appropriate point at whi(*h to mak(‘ tin* gcnei'al observation that the 
most strongly acid-smelling silages hav(‘ frcajiKUitly hexm the least acid, 
as judg(‘d (‘ither by pU or by total acidity as determined by titration. 
This may S(‘em paradoxical uniil one considers that the type of fermen- 
tation wliicli d(^velops butyj*ic acid is likely also t o develop more ammo- 
nia and other bases which muitralizc' a portion of the a(‘id and ki'ep the 
])H ri'latively high and tlu* titration valu(‘s low. The better quality 
silag(‘s with mild, pleasant odor were almost invarialdy more acid 
than those which sense' of smell aloiu' would j*ank as mueli more a(*id. 
Tlu‘ acid in the better quality silag(‘s was largi'ly lactic, which is non- 
volatile' and of re'lativc'ly mild odor, and tlu'ir volatile base content 
was usually quite' le>w. 

(4) Of tlie |)i*e'servative's used molasse*s anel ground wlie'at see'in to 
have lie'e'ii the* only oiu^s that were at all effective'. The'V ke'pt the 
bre'ak-dowji of pj*ot('in at a relative'ly low level, as evidenced by low^ 
content of volatile' liase's; favore'd the fonnation of lae'tie* ae'ief; and 
lirnite'd the' formation of butyric acid. vSalt and lactic acid culture's 
we're' in many re'Sjie'cts weirse' tlnui ne) pre'se'rvative' at all; tlu'y e'ne*e)ur" 
age'el the' formatie)n of volatile' base's anel biityrie' ae'id anel iuhibite'-el 
the' ele'velopine'iit e)f lae'tie* ae'iel, semie' of the sauijiles sheiwing none at all. 
Ure*a was eviele'Utly eiitire'ly unsiiite'el to tbe' purpe)se*; the' iele'a iu using 
it was te> incre'ase* the Jiitreige'U conte'Ut e)f the' silage anel he'uce the 
pe)te‘ntial jiroteiii le'Ve'l for ruminants. It see'ins apparent from tlie 
high pll anxl the very high e/eiutent e)f volatile' bases in tins lot of 
silage that a ceinside'rable' portion e)f the' urea must: have bee'U con- 
ve'rt eel into amme)nia. That se)nu' e>f it was lost by le'aehing is evielent 
from the' increaseel nitingeii exintent of the' leaehings freim this par- 
tie'ular silo. The' average figure for 4 yeaj's preiviously was 0.30 j)er- 
e'CJit nitroge'U; whe'ii urea was use'el it rose to 0.50 pe're*ent. The^ silage 
rnaele' with ure*a alone' as a preservative hael a veiy objectionable oelor 
anel was uJi])alatable to milking ceiws. The silage made liy using 
ground wlu'at as a piH'servative had a milel, pleasing oelor and was 
very palatable. The herdsman in e*harge e)bserve'el that it was the' be'st 
quality grass silage he hael fed in our 8 years of expeu'ie'iice. In table 3 
is presenteei a summary of the* proximate* analysers, ^ together’ with se)me 
intere'sting e'ontrasts be'twee*n e*crtain of the silage's and the fre'sh crops 
from wdiich they oi-iginated. 

Changes in composition due to tlie silage feumentatie)n sheiw a 
definite trend regardless of the nature of the crop ensileel. Relatively 
the greatest losses are in carotene and the greatest gains are in ether 
extract. The gains in ash and fiber doubtless are apparent only, 
because of losses of a similar magnitude in protein and nitrogen-free 
extract. The gain in ether extract is actual, since tlie organic acids 
formed by fermentation from tlie carbohydrates are ether-soluble, 

* Acknowledgment is made of the services of Albert F. Spehnan, assistant chem- 
ist, and Leo V. Crowley and C, Tyson Smith, junior chemists, in the Feed Control 
Laboratory of this station, who made the fodder analyses under the direction of 
John W. liuzmeski, senior chemist, and Philip II. Smith, chief chemist. 
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whereas carbohydrates are not soluble in anhydrous ether. High 
carotene values did not necessarily occur in silages that were of good 
quality in other respects; e. g., note the very high value for the winter 
wheat silage. In most other respects this was about the poorest 
quality silage examined; a similar condition was noted in a lot of 
mixed grass and clover preserved with urea (see table 2). Stage of 
maturity of the crop probably had a good deal to do with this. In the 
case of the silage preserved with urea it may be that the type of 
fermentation induced by the liigh pH altered certain noiicarotene pig- 
ments sufficiently to permit their estimation as carotene. 


Tabi.e 3 . — Average proximate compontion of silages from various crops and crop 
eomhinaiions, arpl of some fresh, unensiled crops from ivhich certain of the silages 
were prepared • 



Mois- 
ture as 



rereentage.s in the dry matter 

K iud of crop 

sam- 
Itled 
or re- 
ceived 

pH 

Caro- 

tene 

Total 

ash 

Crude 

protein 

(■'rude 

liber 

N-free 

extract 

Ether 

extract 

Alfalfa - - -- 

Percent 
G2. » 

0. 0 

Mg. per 
pound 
133 

7.3 

17.8 

35. 7 

37.4 

1.8 

Alfalfa silage - 

«8.2 

4.5 

40 

9.3 

10.8 

38. 5 

32.8 

2.0 

Grasses, mixiMl 

(Jrasses, mixed, silage 

75.0 

0.1 : 

157 

7.3 

12.8 

33. 9 

43. 3 

2.7 

74.8 

5.2 

80 

2 10. 2 

10. 0 

38.7 

38.0 

3.1 

Grasses and criover 

08.1 

0. 2 

58 

8. 0 

12. 1 

32.8 

44.9 

2.2 

Grass and clover .silage. 

08r9 

4.0 

08 

7.8 

10. 5 

37. 2 

41.0 

3. 5 

Timothy and clover silage 

73. 8 

4.5 

77 

10.0 

12. 9 

34. 7 

38,8 

3. 0 

Oat silage 

70. 0 

5. 2 

33 

9.2 

9. 1 

38. 0 

40 3 

3.4 

Oat and pea silage . 

07. 3 

4.5 

39 

8.7 

10.4 

35. 8 

41.7 

3.4 

Winter wheat silage 

73. 9 

5. 4 

117 

12. 0 

8. 0 

41.4 

34. 5 

3.5 

Sudan grass, millet, and sorghum 
silage.. 

79.7 

' 4. 5 

13 

! 7.9 

4. 0 

44. 5 

40. 9 

i 1 

Soybean silage 

71. 0 

! 4.3 

28 

I 19.7 

10.9 

30. 4 

37. 2 

1 1.8 

Corn silage (for comparison) 

74.2 

3.8 

27 

0. 0 

1 1 

8. 4 

35. 3 

47. 0 

2.7 


’ Th«» values in thi.s table are composites, and include all samples li.sted under tlie six'elfie correspond in 
catofjory in table 1 . 

2 This figure is due in part to the use of salt in some of the silages. 


Table 4 shows the eomjwsitioii of material ensiled in the miniaXure 
silos referred to earlier in comparison with material from the same lot 
of grass ensiled with the same treatment in two 100-ton silos. Except 
for carotene the differences are rather small; what there are indicate 
that fermentation took place on a more extensive scale in the large 
silos. The difl’erences in carotene content are arresting; if typical of 
what may occur in large silos they represent a need for further inves- 
tigation in order that such excessive losses of this important nutrient 
may be prevented. These losses are on a par with those occurring 
in diy hay. It should be mentioned that the small containers did not 
prove satisfactory. Spoilage losses were high in most of the containers, 
averaging over 18 percent, due chiefly to rotting of the upper layers. 
In the containers in which wilted alfalfa was stored the losses were 
excessive, averaging over 60 percent, due to penetration of mold, 
f'ermentation losses were normal in most cases, averaging about 9 
percent with some under 5 percent. Evidently conditions existent in 
a large silo are not readily duplicated on a small scale. 
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Table 4. — Corn posit ion of silage front the some lot of grass ensiled in small silos {1.5 
bushel capacity) and large silos (100 tons capacity) 








Percentage.s in the dry matter 



Type of silo uiid treal - 
ment of siluge 

1 Moisture when 
sampled 

K 

a 

c 

O' 

g 

eo 

U 

X. 

> 

Total acidity 

o 

fiO 

o 

CC 

‘o 

as 

Butyric acid 

Total ash 

■ 

Crude protein 

Crude fiber 

X-free extract 

1 

Ether extract j 

Small silos- no 

l^ct. 
78. ;e 

1 

! 1 

1 

M(l. per 
pound 
107 

1 

1. 74 

12. 15 

None 

1.92 

7. 89 

7.0 

10.2 

38. 0 

40. 0 

3. 

tive . . 

Large silos- no i)res<'r\'a- 
tive 

7:\. 4 

f). 4 

27) 

I. m 

12. 22 

None' 

.80 

8.08 

8.7 

9.2 

40. 4 

38. 2 

3. 

StiuiII silos - laetie aeid 
culture _ 

7(;. 4 

T). 0 

84 

1.44 

10. 91 

None 

1 2. lo 

7. 5f, 

8. 9 

10. 3 

38. 8 

39. 0 

3. 

Larg(‘ silos- laclic acid 
culture, 

71.4 

; 4.9 

:v2 


12. 01 

0. 73 

1 

1 2.40 

5. 70 

9.8 

9. 3 

39.8 

37. 9 

3. 


III table f) appear the eoiitrasts in eornpositiou due to wilting* of 
alfalfa. Cliang(‘S in coin position befori' ensiling (‘aused by wilting 
s(‘ein to have Ixaui eonfiiual to a mat (‘Hal i(‘duction in carotem' e.on- 
t(‘nt and to rather minor and jirobably only relative increases in ])i-o- 
t(‘in and nitrog(ni-fn'(‘ extract with a corri'sjionding rc'duction in 
fiber. Change's aftc'r (‘iisiling are of much more' significance*; note* 
('Specially the lactic acid-ace'tic acid re'lationship in the wilted and 
unwilt e'd silage*, and the* much lowe'i* libe'r and highe'r protein and 
nitroge'ii-free e'xtract of the* wilted silage*. Insofar as these silages ai*e 
conce'rneel wilting re'sulte'd in a ve*ry diffe'ient type of fevrinentation and 
final product. It may be^ that the* influe'iice* of mold e'liteus in he*re; 
the ('xcessive eleve*lopine‘nt of mold in the* wilted silage's has been 
me'ntioned alre*ady, but it should be notenl that care was take*n to dis- 
card all A’isible signs of mold wh(*n the* sample's we're* take'ii for analysis. 

CHLORIDE CONTENT OF SILAGE 

In the course* of the* work the ejiu'stion arose as to whe'the*i‘ the 
practice* of using salt as a silage prese*rvativ e' might not at times 
introduce an e'xcessive' amount into the rations of live\stock, and this 
in turn sugge'sted the need to know how mued) salt (or total chloride's) 
occuj's in silage naturally. A se'arch of the* lite*rature* showed very 
little* information on this point, so a dete'rminatioii of the* chloride 
conte'iit of tlu'se 40 silages was made* a part of the* routine procedure*. 
The determination was made on suitaldy diluted elu[)licate aliquots of 
the wate'r extract l)y titration with N/l() silver niti’ate*. A 10-perce*nt 
solution of potassium chromate' was used as indicator, the* e'uel point 
being determined by the first pe'rmanent color change visible against 
the Dackground of a glazed white porcedain evaporating dish. The 
results are summarized in table*. G. 

The (ddoride values we're^ highest in the* silage's made from small 
grains and lowest in tliose made from legumes. Salt incre'ased the 
chloride content to a valuer about 2t> timers that found in the* silages 
with which no presenwative was used. Other preservatives wen*e 
without substantial c'ftect. Consideration of the effect of the added 
salt upon feeding practice and animal health is appropriate here*. 
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Table 5. — Compotniion of alfalfas wilted and unwilted, and of the corresponding 
lots of silage made from it 



S 

rt 





J^crcentages in the dry inatbT 



Alfalfa 

cJ ' 
o 

Xi-C 

4,' 

h. 

3 

‘o 

ft 

o 

C 

a- 

£ 

03 

u 

Volatile bases 

Total acidity 

'S 

o 

cc 

0 

1 

Acetic acid 

Butyric acid 

Total ash 

Crude protein 

Crude fiber 

N-free extract 

Ether extract 


Per- 
ce tit 


M(j. per 
poll 11(1 











T"nwilt(‘ci b(‘fort- (‘ivsiliiiR 

73. T) 

t>.() 

l.'ili 

('1 

(') 

(') 

(’) 

(') 

7.4 

17. 1 

37. 5 

M\. 3 

1.8 

WilpMl Ix'fore ('nsiliriK 

4tt. 0 

H. 0 

no 

(') 

(') 

(') 

(') 

8. 

V) 

7. 2 

18.4 

34. 0 

38. 7 

1.7 

Unwilted after (aisilinji. _ ^ 

77.7 

4. I> 

49 

0. 98 1 5. .')8 

2. 08 

0. f)0 

9.9 

15. 7 

41.0 

.30. 0 

2.8 

Willed after ensiling ... r 

‘ Not determiiied- 

.')2. 7* 

4. 2 

40 

.:{8 12. 47 

8. 20 


None 

8. 2 

18. 0 

33. 4 

:,7.r, 

2. 2 


■^fABLE (). — Average chloride content of differ ent kinds of silage 


{ Chlorides in I ("hloridos in 

rroi> ' dry mat- ' I’n'scrvative ihe djy nial- 

I t(.T j ; tri- ^ 


I Penriil i\ rcriU 

Alfalfa i O.SO ; Norn* I. 10 

Mixed arassi'S 1. I.’i ; Luetie arid cultun' . ... 

Mixed «rasse.s and clover ].()<> ' Salt 2,77 

'Timothy and clover I 1.2() ' Lactic acid cull m e UJid salt . 2. Ki 

Oats . 1 1..% ■ Molasses l.im 

Oats and peas 1. J9 Molasses and urea. . 1.17 

Sudan ).M’ass, mi ll('t, and sot'ijhuin ; - 1.43 (fround wla^at .88 


Corn - : .M 


' All sanii)les in wtiieh salt was us(‘d as a i)res(‘rvative have he(‘n excluded from the a\’('ran(' values for t he 
sev(‘ral crops. 

^ ’’]'() Convert th(*.S(^ valiK'S to terms of XaCl, multiply by l.Gf): to convert them to an a\ eraai' basis of fresh 
silane as fed, multiply by 0.3. 

A little calculation shows tliat from tin' silages pi'cstu’vtHl with salt 
a cow consuming 40 pounds of fresh silage daily would g(‘t 0.55 ])ound 
of salt daily IVom this sourct* alone. Assuming that she tdso con- 
sumes 10 pounds of a grain mixtur(‘ with its usual salt conttait of 1 
percent, she would get from these two sources sonu'what ovtu* 10 
ounces of salt daily; there is also the unknown (puintity contained in 
whatever oth(*r roughage she might consurru^ (a cow eating 40 pounds 
of silage usually eats 10 to 12 pounds of dry Iiay in addition). Infor- 
mation in the literature as to the amount of salt a cow requires is very 
meager; iVIaynard (7, p. makes the statement that “One to two 
ounces of salt daily sliould be adequate for milking cows.“ Al- 
though undoubtedly cows can tohu'ate somewhat large]’ amounts 
than this, it is extremely doubtful whether they should receive for 
any considerable length of time as large an amount as 10 ounces 
daily. Furthermore, this is based on only the average amount found 
in tile samples to which salt had been added; the maximum amount of 
chlorides found was 4.14 percent in the dry matter. Figured on the 
same basis as above a cow^s daily salt intake on this particular lot of 
silage would be approximately 14 ounces; undoubtedly this is exces- 
sive. 

EVALUATION OF CERTAIN METHODS 

In the course of the investigation there were opportunities to com- 
pare certain analytical procedures, notably those dealing with the 
determination of total nitrogen and with carotene. 
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It has b(H>ii r(‘cogniz(Mi for years that in general considerable lessees 
of nitrogen! occur in all types of liiological material if it is drienl and 
ground, as for routine fodder analyses, liefore determining total 
nitrogen. Yed^ one iinds in the literature instance's of i*ecenit work 
where this fact lias been ignored. For comparative purposes total 
nitrogen! was eleten‘mire>d in the fre>sh matenial immediately upon its 
recenpt at the' laboratory and again aften* elrying and grinding. Caro- 
tene' was deUen-minexl by the phasic sepai*ation proce'dure outlineel in 
the'^ Official Me^thoels (/) and by the ediromatographic nie'thod de- 
scribe'el by ^ all and Kelley {li)):' The irsults are shown in table 7. 

Considevring nitiogeni first, the inte're'sting thing is the great varia- 
tion in the' enTor due' te) elete'rmination afte'r elrying. On tlie whole, 
it was inuedi larger in the silages than in the une'usiled crops, but tliej 
ave'rage e'rroi'S for some' ai’e', so small that thew might almeist lie e'lasse'el 
as e'X|)e'rimental e'rror; e. g., that foi* coin oi* for rnixe'd grass and 
clove'r. One^ might be' tempte'd to place in this elass the* positive 
e'rior for silage prcse'rved with ground whe'at, e'xcept for the fae*t 
that it was consistenit anel the* ave'rage re'presents three different 
le)ts of silage. Appare'ntly the> ground grain serve'el to fix volatile 
nitroge'uous base's anel thus to prevent the* e'ustomary le)ss on elrying. 
Molasses se'i'ins to hav(' hael a similar though h'ss marke'd e'ffect. 


Tahi.k 7. — Comparison of (a) niiroqvn deiermination, and {(t) varotcJic determina^ 
lion in grt cn crops arid in silages by 2 methods 



Cer<*entupe of iiitro- 


•M illigrains of earo- 



gen in 

the dry 


tone per pf)und of 



matter 



dry matter 




. . ..... 

Cercenl - 

- - .. 



Kesult 

Materiiil 


Deter- 

age loss 
due !o 
drying 

( 1 ) 

( 2 ') 

lower 


Deter- 

miimd in 



by (per- 


mined in 

the drieil 

11 y 

1b 

chroma- 

tography 

cent)- - 


the fresh 
material 

and 

ground 

sample 


phasic 

.separa- 

tion 


Crops before ensiling: 






(■') 

.Alfalfa 

: 5 . 05 

2 . 85 

h. <1 

(>) 

(1) 

IVl ixed grasses 

2 . OH 

2 . 05 

1.4 

C.i 


(') 

Mixed era.sses and clover 2 .. 

1.01 

1.80 

5 . 8 

(i;4 

58 

7 . 0 

K inds of ensilage: 







('rop: 






18.2 

Alfalfa 

.1 10 

2 ()0 

i ;!2 

41 

30 

Mixed prn.sses 

2 . 20 

1 . .58 

31.0 

113 

84 

25 . 7 

M ixed grn,s.ses and clover - 

1.80 

1 . 70 

2 . 2 

103 

S 3 

10.4 

'I'iniothy and elovor.. . - ... - 

2.25 1 

2 . 07 

NO 

138 

0.3 

: i 2 , <1 

Oats . 

l.7(i 1 

1.45 

1 7. 0 

32 

30 

0. 2 

Oats and pens 

1. 77 : 

1 . 07 

.5. ti 

:io 

10 

51.3 

AA’ in ler wheat 

l '07 i 

1 . 27 

: i 5. 5 

f) 

(') 

0 

Sudan grass, millet, ami sorghum 

1.01 i 

.74 j 

28.0 i 

20 

13 

, 55 . 2 

Soy hen MS 

2.04 1 

1. 75 1 

11.2 1 

50 

28 

r»o. 0 

t^orn ^ 

i.;t7 

i .: i 5 1 

1 . 5 

40 

27 

41.3 

J'reservative: 







None . - -- 

2 . 15 

1.87 

D.O 

71 

51 

28 . 2 

l.actic acid culture 

2 . 0:1 

2 . !0 

20 . 1 

00 

50 

: 44 . 4 

Salt 

2 . 4:1 

1 . o,;i 

. 32 . 0 

84 

07 

20 . 2 

Ivactic acid culture and .salt 

2.11 

1.52 

28 . 0 

80 

07 

24 . 7 

Mola.s,ses 

2.37 

2 . 14 

0 . 7 

00 

70 

20.3 
24 . 2 

Molasses and urea. 

2.21 

1.50 

20.4 

02 

47 

V'rea - -- 

2.09 1 

1.45 

51 . 5 

1.30 

130 

0 . 5 

0 round wheat 

1.84 

1.88 

- f 2.2 

08 

51 

25 . 0 


1 Comparative figures not available. 

2 For obvious reasons values for those samplet^ of mixed grass and clo\'er to which urea has been added 
are not lnclu(led in the averages. 


® Material assistance rendered and valuable suggestions made Vty John W. 
Kuzmeski, senior chennist in the Feed Control Laboratory of this station, are 
gratefully acknowledged. 
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Scvoral investigators (5, 13 ^ 16) have shown that when carotene is 
determined by alkaline extraction followed by phasic separation as 
outlined in the official method, varying amounts of noncarotene 
chromogens remain in the carotene fraction and result in carotene 
values that are too high. Moore (8) in particular has shown that 
this eiTor is much more significant in silages than in fresh grecui crops; 
the results in table 7 confirm and extend his observations. In gen- 
eral, phasic separation gave carotene valuers about one-third higher 
than those obtained by chromatography, although the range was 
wide (from 6 percent to 55 percent higher). Variation was greatest 
between crops; except for the rather small difference when urea was 
used, variability in this respect between silages treated with difl’erent 
preservatives wa§ slight, the diflVrences between the two methods 
being of the same general order (about 25 percent), rc^gardless of 
pres(*rvative used. 

SUMMARY 

A biochemical study has been made of 40 samples of differcuit kinds 
of silage stored witli various pr(‘S(‘Tvativ('s and of 9 samples of fri^sh 
green crops before ensiling which corresponded in identity with cer- 
tain of the silages. 

Variations due to the kind of crop used W(T(‘ more significant than 
those due to the action of the preservative. 

In general leguim^ silages had lower pll values and higher total 
acidity than silages made from grasses or small grains. The type of 
acidity also was different; legume^ silage^s weie characterized l)y a 
high lactic acid content while the otners showinl relatively large 
amounts of acetic and butyric acids. 

The most strongly acid-smelling silages wer(‘ fr(‘qu(‘ntly th(‘ haist 
acid, as judged by either pH or total titratabh‘ acidity. An (‘Xf)lana- 
tion of this ap{)arent paradox is offered. 

Corn silage offered a striking contrast in composition to grass silage. 

Of the preservatives used, molasses and grxrund wluait sevm to hav(^ 
been the only ones at all effective. Salt and lactic acid cultures were 
in many respecds inferior to no preservative at all. Urea was ap- 
parently entirely unsuitable for tlu^ j)urpose. 

Changes in proximate composition due to the fermentation process 
showed a definite trend regardless of the nature of the crop (uisiled. 
High carotene values did not m^cc^ssarily characterize silages that were 
of good quality in other respects. Carotene losses in some of the large 
silos were excessive. 

Small containers utilized in an effort to speed up the work did not 
prove satisfactory, losses due to rotting and mold being excessive. 
Evidently conditions existent in a large silo are not readily duplicated 
on a small scale. 

Silage made from wilted alfalfa was quite different in composition 
from that made from the un wilted crop. 

The chloride content of some of the silages in which salt was used as 
a preservative was above the optimum for reasonable intake of salt, 
and in some cases it was excessive. 

Losses in total nitrogen, as indicated by determining this element in 
both the fresh and the dried, ground samplers, were very variable, being 
much higher in the silages than in the corresponding green crops. 
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Certain preservatives (molasses and ground wlieat) tended to minimize 
this loss. 

The chromatographic procedure for determining earofene gave 
results consistently somewhat low»'r than those obtained by the official 
phasic separation procedure. 
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THE RELATION BETWEEN NUMBER OF EARS OPENED 
AND THE AMOUNT OF GRAIN TAKEN BY REDWINGS 
IN CORNFIELDS ‘ 


By D. W. Hayne^ 

Research assislant zoologislf Michigan AgricuK aval Experinicnt Staiion 


INTRODUCTION 


Daniag(‘ to corn {Zea rnayfi L.) by Hocks of the cast(‘i‘ii rodwiog 
{Agelaius phoeniceus phoeniceus (L,)) occurs in local areas over a 
large ])art of the United States. The pathn’n of damage in a corn- 
field at any particular monKuit is the expri'ssion of c(‘rtain feeding 
habits of birds in flocks. This paper presents th(‘ ]•esults of an attempt 
to describe the pi’ogressive increase of damage in alg(‘braic‘ terms and 
to t('st th(‘ validity of tin' (‘quations d(‘Velop('d by application to data 
gathenal in damag(‘d fields. The work was unchu’taken to obtain a 
bett(‘r un(h‘rstanding of tln^ biology of redw ing feeding in cornfields 
as pai't of an experimimtal t(‘sting of bird-scaring devici's. The 
tests W(vr(‘ made in collaboration with U. A. Caj’dinell, during tVmr 
summers, 1939 -42.'^ It is assumed tluit tlu'se records of terminal 
damag(‘ in a numlxu* of fields are (‘quivahmt to r(*cords at su(*cessive 
stage's of damage in a single' fie'lel, at least as far as the' relation be- 
tw'e'e'ii numbe'r of ears opeme'd and amount e)f grain take'ii is concerned. 

Tlie di('t e)f reehvings is com])osed largely of w^ee'd se'cels and iiisee'ts. 
Howevei’, wdii'ii the developing grain of the' corn is in iho soft or milk 
stage, the bii'els may attack tlie' fie'lels and continue' their raiels imtil 
the grain has be'come hard and ripe. The' actual damages caused by 
the birels consists in ri))ping e)pe'n the' husks of tin' ears anel removing 
some of the grain. The amount of grain take'ii from an e'ar by one 
bird at one* visit is small, usually less thaji 5 perce'iit of the grain in 
tiie (*ar. When feeding, the redwings flutter from coi*nstalk to corn- 
stalk, stopping to fe'cd at an eai* for only a short Ume. Redwings 
fe'e'd in floe*ks of up to several hundred birels, but within a feeding Hock 
re'lative'ly few’^ birds se'em to be' actnally eating at any one' mome'nt. 
Ofte'H an unelisturbed feeding floedv will pass sleiwly ae'ross a corn- 
fie'ld, tin* individual birds stopping to fe'e'el for a few moments while 
the* floedv as a wdiole progre'sse's. A fe*e'eling Hock ofte'n remains a 
moderate'ly e*omi)act unit, and at alarm the* birels may rise into the 
air together. Redwings appeal* to be easily disturbe'el, and often a 
flock will rise from one e*ornfie'lel and fly to feed in another. After 
a short time* the same flock, or anothei* one*, may be back in the' first 
field, feeding again. Thus, a single bird does a small amount ol 
feeding on each of a largo number of ears, apparently spread over a 
considerable area of the countryside. Consequent!}^, the total dam- 
age in any one^ field is the sum of a large number of small amounts of 


2 The writi'r pralofully ackuowUHlges the interc.st and aid of Ur. W , O. Baten, n'soaidi ab.socuitc' in agri- 

rultural statimes. Michigan \KricultiiraI Experiment Slation. 

^3 Cardinkia, It. A., and Uayne, D. W^ corn injt ky by red avings in Michigan. Mnh. Ajn . F.xpt. 
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grain eaten during a period of several weeks while the grain is ripening. 

Redwings show a distinct preference for certain classes of ears of 
corn. In any field, the first ears to be damaged are those that first 
reach the milk stage. The ears of greater length and diameter, that 
is, the better ears, are apparently preferred. There may well be 
other criteria for preference. 

DERIVATION OF EQUATIONS 

The existence of preferred classes of ears within a field will be ignored 
for the moment, to be brought into the picture later. A uniform field 
is assumed first, where every ear has the same chance of being selected. 

If n feeding birds are in a field (containing N ears, and each bird 
damages one ear, the proportion of the ears damaged (x) will be 



and the proportion not damaged (j') will be 






IL 

N 


If selection is at random, the proportion not. damaged after ?? visits 
will be 


from which 



( 1 ) 


If each bird takes h (for ^d)it(‘’') ears at each visit (as explained pre- 
viously, h is probably small, mindi h^ss than 1), then the flock will 
take nb ears at each visit. In r visits the flock will take a cei’tain pro- 
portion of th(c grain in the field, represented by y in the ec] nation 


nbv 

y- N 


( 2 ) 


Substituting the value of v from ecjuation (1) in e(]uation (2) 

_ , nb log 

which may be stated in the form 


b log X* 


5 ' 

n 


y 


( 3 ) 
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The denominator of (3) approaches a limit when N is many 
times as large as n, for the quantity 



(4) 


when expanded takes the form 


2 2 • 


+ 


2-3-4 


— etc. 


Tlic value of the sum of the tei’ms of this expansion is appi'oximately 
0.3600 when is 0.01; 0.3070 when is 0.00.5; and 0.3079 when ^ 

'll 

is so small as to have no (‘IFect on the value. As approaches zero, 

equation (4) approaches the value of e}, 

in field observations flocks of birds larger than scvveral hundi’ed 
individuals W(U*e rarcdy observed feeding in coiaifields, although lai'ger 
flocks might oft(*n be seen at the roosting areas. The number of 
ears in a single acre of corn may be estimated as 10,000 or more. 
Th('refore the quantity (4) may safcJy l)e used as a constant, of magni- 
tude about 0.1107. Substituting in e(|iiation (:>) 

_ h log x' 
log .367 

which reduces to 

?/— —2.306 log x' (5) 

Since A"' is the proportion of ears not damaged, equation (5) is 
more iis(^ful in the form 

— 2.306 log (1—/) 
or 

y~k log (1 —x) (6) 

where x is the proportion of (^ars damaged and k is —2.306. 

Thus far we have assumed that selection of ears in a field is at 
random. However, as previously stated, this is not true over a whole 
field. Tfierefore let equation (6) refer only to one class witliin which 
there exists uniform prol)ability of selection. One such class miglit 
be tliought of as containing all ears about 6 inches long, of about the 
same diameter, about the same stage of maturity, and uniform in 
other respects. There will be a number, c, of these classes in a field, 
each class distributed over the whole field, extending side by side 
with all the other classes whicli are spread over the same area. Any 
one class will have a relatively small numlxu* of ears, such as Nx, 
and the sum of all tlie ears in all the classes will, of (‘ourse. be the total 
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miml)er of ears in the field, or N, The various classes will not neces- 
sarily contain an equal number of ears. 

Tlie fact that the number of ears in any one class may approach 
the total number of birds in a flock brings up the question whether 


the fraction pertaining to class 1, is still small enough to make 

equation (4) a constant. Sinc(' any one (‘lass of ears may be widely 
scattered over the whole field, since the fecaling flock is concentrated 
in only a part of the ficdd, since only part of the birds in a flock seem 
to fecnl at any moment, and since the feeding bij‘ds are attacking at 
one time a number of classes of ears, it is probable that /o, tlu' efl‘eetive 
number of birds attacking class 1, will b(‘ (piite small. Thus the 
conditions undei% which (4) is appjoximately constant will be main- 
tained, and the course of damage within each class may be described 
by (‘Cj nation (0), as applied to class 1, 


yx=k log (1—Xi) 

The quantity k will be the same throughout all classes. 


Th(? actual amount of grain taken from class 1 will b(‘ 

Ni k log (l—r,) 

and th(‘ total amount of grain taken from the whole field will be the 
sum of as many such t('rms as thei‘(‘ are classes. Dividing tlu^ total 
amount of grain takcm by the total available (‘ars, N, gives ?/, thii 
proportion of tin* grain of a fi(‘ld takem by the birds; that is, 


AT, log (l-.v)J 

The right-hand side of this last (*(i nation is k times the* logarithm 
of the w^nghted geomc'tric mean of the proportion of th(‘ various 
classes of ears not damaged. Such a W(‘ighted geonuHric nuaiii is 
not available. However, the figure at hand, the w^eighb'd arithmetic 
mean, may s(‘rve as an approximation of the geometric mean, although 
know'll to be somewhat larger.*^ In the one cas(‘ where data were 
available, in a sample of 1,088 ears, the weighted geometric miain of 
proportion of ears damaged in 60 size classes was 0.890, wliile the 
weighted arithmetic mean of the same classes was 0.907. Thus the 
form of the gemu'alized expression remains the same as (6), although 
now assumed to refer approximately to a whole fi(>ld instead of a 
single class within the field. 


__ N^k log {\—s^)-rN 2 k log (1— ^ 2 )+ • • • 

y~ ^ 

or 

, TA'i log {\--iA+.N 2 log (1— ,ro)+ . . . 


APPLICATION OF METHOD TO THE FIELD RECORDS 

The field records consist of 198 estimates of damage made in fields 
during the seasons of 1941 and 1942. In each field an estimate w^as 
made by classifying about 200 ears into 5 groups according to damage 
and then computing an average of the damage per ear. The percent- 


* SiMisoN, O. G., and Roe, A. quantitative zooi.ooy. 414 pp., illus. New York and London. 1039. 
(See pp. 102, 146.) 
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ago of oars oponod was ooinputod from th(‘ samo liold record. Tliose 
198 ostimatos have' boon roducod to iVA items by arranging them in 
groups according to tlu‘ f)roportion of the c'ars opoiu'd and using the 
moan of (^ach group as a single item. Each group contains the records 
of all fu‘lds falling within a (‘lass of 0.01 of the ears o])on(‘d. For 
exam|)le, thei'o are 4 fields having between 0.195 and 0.205 of the 
ears opened (20 percent of the ears), and th(‘se 4 fudds average 0.0*14 
of th(‘ grain removed (*‘1.4 piu-cent). Tlu' number of field recoJ*ds in 
the different classes varies from 20 (\stimates in the (‘lass of 0.01 of 
the ears opened to single re(*ords in. a nurnlx'r of cases. In general, 
the l(‘ss the damage th(‘ more niim(‘rous the field ripcords. 



PROPORTION OF EARS OPENED 



This c()ml)ining of the data into class(\s is reflected in figui’e 1 
apparent difihrence in variability at dith'rent levels of damage. I his 
difference is, at least in part, an illusion caused by thc> averaging ol 
more values for certain jioints than for others. This is not an im- 
portant difficulty in this study, however, since the varialiility ol the 
data is not of primary interest. , 

Tlie 6:1 items (group means) were fitted to th(‘ d(‘rived curve (6), 
using logarithms and the method of huist squares as ordinarily applied 
to fitting a straight line.'^ The e(piation of tlu' curve derived is 


-0.0062-0.2745 log (1 - /) (' ) 

UUrilAHDSON. C. H. AN INTKOPUCTION TO STATISTJrAl. ANAV-YSlS. Kill., H12 pp., iHuS. NoW ^ ork. 

im. (SfH'pU") 
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The intercept of this curve on the y axis is not located at zero 
where it should be,^ but at —0.0062 (Ag. 1). Consequently, use of 
the curve for translating values of proportion of ears opened to their 
theoretical equivalents in proportion of grain taken does not give 
satisfactory estimates for the range of from 0,01 to about 0.07 of the 
ears opened. Th(' absolute deviations of the curve from the observed 
data are small, but the curve gives small negative vaJiK's for the lower 
part of this range, a result which is biologically impossible. 

The data in the range of 0.01 to 0.07 of the ears opened were fitted 
to the derived curve (6) independently, giving the somewhat different 
equation of 

7/-0.0005--0.108I log (1-/) (8) 

In this case the departure of the intercept on the y axis fi'om zero is 
only 0.0005. 

In the curve (7) fitted to the' entire s(‘t of 63 items, a valiK' of 
— 0.2745 for k means a value of 0.119 ears for h (or about 12 piu'cent 
of an ear per bird visit), since 2.306. There are no fiiJd ol)S(>rva~ 
tions at hand to indicate whether this value is reasonable for tlu' upper 
range of damage. It is known that 12 percent would Ix^ too high a 
value for the extreme lower end of the curve, for in held notes the 
first damage recorded on any ear resulting from the bird’s visit when 
the ear is first opened was almost always less than 5 p(‘r(‘(‘nt. How- 
ever, the curve fitted to the whole set of data is in obvious disagi(*(‘- 
ment with tlu' data from tlie extreme lowc^r part of tin* rang(‘, and tlu' 
curve fitti'd to this lower range gives a value of 0.1081 for k with a 
corresponding value of 0.047 for 6. This value of 6 is in much (‘loser 
agreement with the field notes. There' is thus a sugge'stion from tli('S(* 
data that the birds may take a srn'alh'r amount of grain from eai’s t hat 
are just being opened than thc'y do later, aft('r damage' lias bc'e'u started. 

A parabola has been fitted to the 63 items by using tiu' normal 
equations and th(' method of least square's.^ Tliis curve is shown, 
along with the* theore'tically derived curve (7), in figure 1. The* 
equation of the* parabola is 

- 0, 0 1 32 - 0.0621 r + 0 . 3633./:^. 

For purposes of comparison a straight line has been fitte'd to the 
data. This line is not shown in figure 1. The equation of the st raight 
line is 

-0.0317+0.2621/. 

Using the method outlined by -Ride*!*, a compai*ison was made of 
tlu} ('loseness of fit to the data of the line, the^ parabola, and the de- 
rived (*urve (1)} This method of comparison shows that either 
curve is better than the straight line, with a high degree of significance 
attached to the difference. Comparison of the parabola with the 
theoretically derived curve shows that although the theoretical 
curve fits the data more closely than does the parabola, tln^ difference 
is not significant. 

« Wlieu no ears have IxMm opened no damage can have been done; negative damage is Impossible. 

7 See footnote 5 , p. (Sec p. 192.) 

« RJDER, P. R. AN INTRODIICTIOX TO MODERN .STATISTICAL METHODS. 220 pp., illllS. NcW York. 1939. 
See pp. 120 and 124.) 
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Reasoning on biological grounds, however, it is felt that the theo- 
retically deriv^‘d curve has points of advantage over the parabola. 
The intercept of the paraliola is at 0.0132 on the y axis. The mini- 
mum value of ?/ is not at zero on the X axis, wluu’e it should be bio- 
logically, but at about 0.09, where the predicted value of y is O.OIOCL 
The greatest deviation, however, from tin* facts as observecl in fields 
is found in the parabola predi(tting a valiH‘ of 0.314 of the grain taken 
when all the ears have been opened. Although none of the field 
records shows that more than 0.92 of the (^ars w(‘r(‘ opened, the trend 
of th(‘ data at this point does not suggest that the birds opeiu'd all 
of the (‘ars in any field with as litth^ as 0.314 of the grain taken. 
It is obviously dangerous to argu<‘ b(‘yond the limits of tlu^. data at 
hand, but tlu^ field observations appi^ar to support the derived curve 
against the parabola. 

Field notes for th(‘ seasojis 1939 and 1940 wen* recorded only in 
terms of the pi-oportion of (‘ars open(‘d. The derive'd curve, as stated 
in equation (7), has been us(‘(l in translating thes(‘ records to the 
approximate equivalent in pro])ortion of grain removed.^ The results 
of this conversion of units seem satisfaclory. 

In tins pap(‘r is presented a study of the relation betwe(‘n the pro- 
portion of (‘ars of corn op(‘n(‘d and th(' pj*o])ortion of grain taken by 
redwings. The relationshi]) was foimd to l)e fairly close, though not 
linear. Henc(‘, tli(‘ gtv'ater the rjumb(‘r of ears ()j)(‘ned the gr(‘ater 
th(‘ loss of grain. There app(‘ars to b(‘ no ne(‘(‘ssity for assuming that 
birds ri'turn to an (uir whi(*h has onc(‘ b(‘(‘n opened, mer(‘ly b(‘c-aus(‘ 
th(‘ ear has been op(‘,ned. 

Fi(4d observations and th(‘or(‘tical considei’ations support tlu^ 
b(‘lief that redwing seh'ction of (‘ars of corn within a cornlield is at 
random within C(‘rtain i)r(‘fer(‘nc(‘ classes. Th(‘ fi(‘ld data (‘onform 
to a ciirv(‘ (l(‘rived u])on th(‘St‘ a,ssumptions as (4os(>ly as may be 
expected, in view of th(‘ limitations of the nu'thod used for measuring 
damage. 

« Soe footnoli* H. i>. 289. 
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LATEX-TUBE AREAS OF THE ROOTS AND LEAVES 
OF THE RUSSIAN DANDELION' 

By Edward F. Woodcock 

Associate professor of tfotany^ Michigan State College of Agriculture and Applied 

Science 

INTRODUCTION 

The distribution of tlic latex tubes and their appearance in cross 
section of the root of the Russian dandelion {Taraxacum kok-saghyz 
Rodin) have been shown by Artsch wager and McGuire ^ in their 
morphological and anatomical studies of this plant. Th(» object of 
the present investigation was to determine whether the percentage 
of latex-tube ai-ea in any one plant is sufficiently uniform in its 
vaj-ious roots and leaves to justify the Collection in the field of one 
leaf and one secondary root for the determination of latex-tube arcH. 
A technique was develop(Hl for this work by which the latex tubes 
could be clearly differentiated in the cross sections and thus could be 
(*asily (*ount('d and measured with the microscope. 

TECHNIQUE USED IN THE INVESTIGATION 

1. SoginuDts of roots and petioles 3 rnni. in length were fixed 24 hours in Flem- 
mings fluid (1 i)ercent chromic acid 50 cc., 10 percent acetic acid 10 cc., 2 percent 
osmic acid 10 cc., distilled water 30 cc.). Air was pumped out of the segments 
whim they were first |)laced in the fixing solution. 

2. Washed 12 hours in running water. 

3. Placed in 50 percent alcohol until ready for sectioning. 

4. Sections cut on a hand microtome, the thickness of the sections ranging 
from ()0 to 70 microns. 

5. Stained 12 hours in saturated C'alco Oil Blue NA in 50 percent ethyl alcohol. 

t). Washed in water. 

7. Mounted in C^learcol. 

Sinc(‘ in the I'oot the latex tubes are (luite uniformly distribut(‘d in 
llu* region suiTOunding the xyletn core, the tubes were counted in a 
(juartiM- of that region and the number multiplied by 4 to get the total 
mimb(*r of tubes in tlie (Uitire cross section. The diameter of 30 
tubes si'lected at random was obtained by the use of an eyt'piect^ 
mi(‘rom<d('r scah^ and these diameters were used in getting th(‘ average 
tub(' iiivn. By multiplying the average tube area by the number of 
tulx's, th(* total latex tube area was obtained. The total ar(‘a of 
the (MOSS section was calculatiHl. By using the total cross-sectional 
ar(Mi and th(‘ total latex-tube area the percentage of latex-tube area 
was obtaimnl. Tin* size of the tul)es in the different n^gions outside 

* R(X!oived for publication October 24, 1944. This report is based upon in- 
vestigations carried on by the author between Juno 20 and September 20, 1943, 
as Bankhead- Jones Project IK of the Botanical Section of the F.xperiment 
Station of Michigan State College. 

2 Artbchwager, E., and McGuire, R. C. contribution to the morphology 

AND ANATOMY OF THE RUSSIAN DANDELION (TARAXACUM KOK-SAGHYZ). IJ. S. 

Dept. Agr. Tech. Bui. 843, 24 pp., illus. 1943. 
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the xylem core varied, the smaller tubes being next to the xylem core 
and next to the periderm, and the larger tuoes in the intermediate 
region (fig. I, A). 

For studying the latex tubes in the petiole (fig. 1 , basal segments 
3 mm. in length were fixed. Ten leaves were selected at random from 

each plant and about 
50 sections were cut 
from the segment of 
the pet iole of each leaf 
and mounted at ran- 
dom on a side. Th(‘ 
number of latt^x tubes 
was determined in tin* 
mid vein of 20 sections 
selected from the 50 
sections. In making 
the seleclioii for count- 
ing the latex lubes a 
nu'chanical stage was 
used. The sections 
were selected in se- 
quence as they moved 
across the field. 




*■ 1 / 

















PRESENTATION 

RESULTS 


OF 


Tlie results of th(‘ 
investigations are 
shown in tables 1 to 3. 
A comparison of t.lu‘ 
nunilx'r of latex tubes 
in 10 leaves takcui from 
1 plant is shown in 
table 1. The percent- 
age of lat(*x-tube area 
at various levels in the 
primary root is showui 
ill table 2. A com- 
parison of the total 
latex-tube area in the 
primary root with that 
in its large secondary 
roots is shown in Table 
3, and this table also 
shows the total latex- 
FiGuaEl. — A, cross section of secondary root, showing area in the 7 

distribution of latex tubes; R, cross section of mid- 

vein of petiole, showing distribution of latex tube secondary roois^ ans- 
. in the form -of an arc along the edge of the phloem, ing from a primary 

root. 

The 10 leaves from a single plant showed a marked variation in the 
nuthber of latex tubes in each midvein of the 10 petioles and also at 
various Idvels in the same petiole; for example, as shown in table 1, 
the'number of latex tubes in the midvein of the petiole of 10 leaves 
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i-anged from 2 to 29. Iii similar group of 10 leaves from another plant 
tlu' range was 8 to 25. In a primary root there is evident a variation 
in the total latex-tube area at various levels, as shown in table 2, the 
greatest being 31 mm. fiom tin* crown. A comparison of the total 
latex-tube area in the primary root with that in its secondary roots 
showc'd a marked variation ; for example in table 3 the primary root 
had 0.16 p(‘rcent latc^x-tuhe area while its 5 secondary roots had from 
0.27 to 2.06 percent. Similar observations of primary and secondary 
loots in otlu'r Russian dandelion plants showed the following: Primary 
0.84 percent, its 3 secondaries 0.71 to 1.09 percent; primary 1.35 
percent, its 3 secondaries t).43 to 1.35 percent; primary 0.96 percent, 
its 5 secondaries 0.6 to 1 .03 percent; primary 0.7 percent, its 2 second- 
aries 0.76 and 0.86 percent; and primary 0.68 percent, its 5 secondaries 
0.16 to 1.89 pi'rcent. In table 3 the 7 sc'condary roots arising from 1 
primary root show'cd a variation in latex-tube area ranging from 0.14 
percent to 1 .56 percent. 

Tabi K 1.- Number of latex lubes in cross section of midvein of petioles of 10 leaves 

iaki u from 1 plant 


LaU'x tiibos in ici'tion No.-- 



T ar I K 2. — Total latfjr-tuho area at different levels iti the same primari/ root 


Distant^ from crown (mm.) 

Area of root 
section 

Numiw^r of 
latex t ulM's 

A verai?e artni 
of latex 1 ubt‘ 

Total area of 
latex tubes 

Percent of 
latex -tube area 
in cross sect ion 



a- 

8, 272, 571 

028 

a- 

25 

15, 709 

0.19 

f) . . 

9. 142, 798 

532 

33 

10,222 
20, 705 

.18 

9 ... 

8, 702, 245 
7, G48, 467 

544 

;i8 

.23 

12 

450 

31 

13,999 

.18 

16 

(3, 478. m 

504 

30 

20, 624 

.33 

18 

(3, 089, 522 

588 

44 

25, 731 

.42 

21.._ 

(3, 602. 050 

550 

24 

13,511 

.20 

26. 

(3, 002, 050 

420 

28 

12,007 

.18 

28 . 

0, 089, 522 

470 

43 

20, 700 

,34 

31 . 

7. 445, H58 

572 

09 

39, 577 

.63 
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Table 3. — Total latexAuhe area in the primary root and its secondary roots and in 
the secondary roots arising from 1 primary root 

PRIMARY ROOT AND ITS SECONDARY ROOTS 


Purl of root system 

Area of root 
j section 

Niind er of 
latex tubes 

Aver ape a’‘ea 
of latex till e 

Tf tal area of 
latex tut es 

Primary root 

, ; 18.430,888 

1,828 

107 , 

1 ^195, 925 

iSecoiidary A 

l,4r)l,032! 

i 19<) 

91 

17,914 

Secondary B . . . . . . . 

.. ! 13,810,857 

1 218 

ICO 

37, 734 

Secondary C 

. 1 1,190,834 

i 180 

184 : 

33. 197 

Secondary D \ 

. 1 7, 057, 455 

1 412 i 

107 i 

CS. 858 

Secondary E 

. 1 2,531,917 

370 

138 i 

52. 040 


Percent of 
latex-tute 
area in cress 
secti( n 


0. 10 
1 . 


.87 
2. 00 


SECONDARY ROOTS ARISING FROM 1 PRIMARY ROOT 


Secondary A 

5, UK), 017 

504 

141 

81,099 

1..50 

Setfondary B 

7, 270, 815 

484 

138 

00, 820 

.92 

Sewndary V 

4, 302, 257 

290 

93 

27, 690 

.04 

Secondary D 

2, 228, 719 

252 

125 

31,407 

1.41 

SetMindary E 

3, 034, 303 

4.50 

125 

.57. 091 

. 1.5 

Secondary F . 

830, 873 

m 

101 

.50. 430 

. 14 

Secondary G. 

4. 302, 257 

304 

102 

30. 957 

85 


SUMMARY 

A study of the Russian dandelion has been made to determiiu' (1) 
the number of latex tubes in petioles of differtuit leaves from the same 
plant, (2) the total latex-tube area at different levels in the sanu* 
primary root, (3) the total latex-tube area in the primary root as 
compared with that in its secondary roots, and (4) that in the s(>cond- 
ary roots arising from a single primary root. 

The results of these studies fail to show any trend tluit would 
enable one to detei-mine the total latex-tube area in a root system by 
examination of the primaiy or one secondary root of the system or one 
petiole of the plant. 





SOME ASPECTS OF THE AERIAL DISSEMINATION OF 
SPORES, WITH SPECIAL REFERENCE TO CONIDIA OF 
SCLEROTINIA LAXA > 

By E. E. Wilson, associate plant pathologist^ and G. A. Baker, assistant statistician 
California Agricultural Experiment Station * 

INTRODUCTION 

Sproad of the brown j‘ot blossom disease by means of air-borne 
eonidia of the (‘asual funf^us Sclerotinia laxa Ader. and Ruh. from 
well-defined (*(*nters of infection has been observed in at least 15 
apricot orchards in California during the past 5 yi^ars. In 7 of these 
the number and disposition of the trees furnishing and receiving the 
eonidia were such that llie incidence of blossom infection (*ould lx? 
compar(Hl quantitativ(‘ly at different distances from the nearc'st 
source trees. Attempts were then made to determine the majoi* 
factors influencing wind disscunination of spores, and to correlate the 
results with the data on dis(‘ase spnuid. 

ADAPTATION OF SCELEROTINIA LAXA TO WIND DISSEMINATION 

Conidia of Sderotlnia laxa are prodiUMnl on sporodochia which 
dev(doi) in larg(‘ numlxu's during late winter on blossoms and twigs 
infected the previous spring. According to measurements made 
during these studies, the spores average 14^ long and I2p broad. 
When matui*(‘ they were detached froni thv sporodochia in fairly large 
numbers by an air cui-rent moving at 2.4 m. p. h. In one test conduo 
t(*d according to the method outlined by McCubbin {11)\ their rate 
of settling in still air averaged about 0.36 cm, (0,14 inch) piT second. 
Accordingly, cotiidia liberated at a height of 6 feet and falling freely 
(not ah'ectcxl by cross curnuits in the air stream) would be carried 
al)out 3,770 find from the source by a 5 m. p. h. wind before reaching 
the ground. Because wind movement is seldom steady enough to 
permit a fr(‘e fall, sucJi a comparison is useful oidy to illustrate the ('as(‘. 
with which even a gentle^ breeze may carry the spores. Updraughts 
moving at a rate slightly greater than the spores’ terminal velocity 
will bear them upward and so permit theii’ dissemination over gi*eat 
distances. There is ample evidence regai'ding the great distances to 
which spores much larger than thos(» of laxa are carried In air 
cuiTeiits (12). 

* Received for publication OcIoIxt 2, 1944. 

2 Grateful acknowledgment is due l)r. F. A. Brooks, (’alifornia Agricultural 
Experiment Station, for advice concerning atmospheric properties: to Dr, 
Katherine Esau, (California Experiment Station, for translating Stepanov's 
article; and to Dr. K. Starr Chester, Oklahoma Agricultural and Mechanical 
College, for translating Boevsky’s paper. 

^ Italic numlx^rs in panmtheses refer to lutcTiiture ( 'ited, p. 326. 
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SPREAD OF THE BROWN ROT BLOSSOM DISEASE IN APRICOT 

ORCHARDS 

During the testing of monocalcium arsenitei (20) as an eradictant 
spray against the conidia of Scleroiinia laxa, fairly large blocks of 
apricot {Prunu armeniaca L.) trees were rendered comparatively 
free ^ of inoculum. Since the spray was applied in January, it gave 
little or no protection to blossoms; and whenever air-borne conidia 
were brought into tlu^ sprayed tn^^s from nearby soiii’ces, blossom 
infection developed abundantly {20), In such cases gradients of 
blossom infection developed in the recipient trees (sprayed) adjacent 
to the source trees (unsprayed). 

GRADIENTS OF BLOSSOM INFECTION IN THE VICINITY OF SPORE SOURCES 


In 1939 three and in 1940 four such gradients were studicMl in tlu' 
Sacramento Valley. Data on the amount of blossom infection were 
secured in each recipient and (‘ach source tree in thes(‘ an^as. Figure 1 
illustrates the situation in one orchard. The recipi(U)t trees adjoined 
the source trees on the north, east, and south. In trees east, south- 
east, and south of tlie sourc^^, nevc'r more than 1 perccuit of th(‘ blossoms 
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2 percef?f 3/osson7s /r?fixfeof 
Less ff?or7 / percenf 


3/ossoms /nfecfecf 


(3 f/o b/ossom fnfecf/on 


Figure 1. — Gradations in the amount of bJossom infection by Scleroiinia laxa 
in inoculum-free (recipient) apricot trees located at different distances north 
of trees (source) in which conidia of the fungus were abundant. 


* Free of inoculum in the sense that the number of effective conidia remaining 
in the trees sprayed with monocalcium arsenite incited only insignificant amounts 
of blossom infection. 
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were involved, but in those whose centers were 22, 44, 66, and 88 feet 
north of the centers of the northermost trees in the source block, the 
blossom infection averaged, respectively, 16, 5, 2, and 1 percent. 
Interestingly enough, all seven gradients observed in the 2 years 
extended north from the source trees. The spores responsible for 
this blossom infection must, therefon^, have been disseminated by 
south winds. 

The level of disease development varied somewhat among the seven 
lots of source tnu^s. Such variability resulted from differences in one 
or more of the following factors: (1) The number of conidia availal)le 
for dissemination from the source, (2) the number of spores detached 
from the sporodochia by winds, (3) viability of the conidia, and (4) 
weather conditions that influence blossom infection. As they stood, 
therefore, the data were not in a form for comparing disease develop- 
ment between orchards or between years. When, however, the l(‘vel 
of dis(^ase in each lot of source trees was given equal value, such as 
100, and the level of disease in each lot of recipient trees w as c‘alculated 
as a p(U’centage of that at the appropriate source, variabilities result- 
ing from the factors listtnl above were minimized or eliminated. 

The most noticeable result of such a treatment (table 1) was the 
separation of the data into two groups with respe(‘t to the rate that 
blossom infection diminished witli increased distance from th(‘ sourc(\ 
The most rapid diminutions occurred in the three gradients ol)served 
in 1939, wh(‘re at 22, 44, 66, and 88 feet from the source tree the 
blossom infection averaged 39, 21, 12, and 6.5 perccuit, respectively, 
of that at th(^ source, as against corresponding values of 55.5, 40.0, 
28.0, and 23.0 percent for the four 1940 gradients. 


Tablk Comparative incidence of blossom infect ion by Sclcrotmia Inxa in trees 
producing sparse inoenhnn but located at different distances form trees producing 
an abundance 


VcHr and orchard 

Incidence of di ca‘'(‘ in n'tii'ient trees at stated 
distan(H‘S (fei'tt from the source, expressed as a 
percentage of the iiicidi' iee at the source 


22 feet 

44 f(*et 

66 feet 

88 feet 

im: 

A - . ....... 

44.4 

16. 0 

9,9 

5. 1 

B . 

C. . - 

40. 1 

2,5. 6 

11.7 

6. 3 

35.1 

20.0 

13.0 

7.7 

1) 

,56.8 i 

45. 1 

33.4 

26.7 

E . .. . .. .. .. . 

55 0 

39.0 

26.9 i 

19.3 

F. ...{ 

46.0 

:i3.3 

22. 2 

19.9 

G,. . . 

61.0 

26.8 

19, 5 

15. 6 

Average, * 1939, A to C. 

Average, ' 1940, 1) to G 

39. 0 

21.0 

12.0 

6. 5 

56. 5 

40. 0 

28. 0 

23. 0 


' Those averages, computed from the original data, are not in all cases e(iual to the means of the percentage.'J 
shown above. 


Similar infection gradients havt' been reported for several other 
fungus diseases, but in comparatively few' of these are quantitative 
data given. Examples of such gradients ar(‘ furnished by N ewhall ( 13 ) 
for the spread of onion dow ny mildew' and by Boevsky (/) for the 
spread of wlieat leaf rust. 
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RELATION OF GRADATIONS IN INCIDENCE OF THE DISEASE TO GRADATIONS 
IN THE DENSITY OF AIR-BORNE SPORES 

Unilateral variations in disease development, as illustrated by th(‘ 
cases cited above, suggest that corresponding unilateral variations in 
the density ^ of air-borne spores existed when the spoi’cs were dis- 
seminatt^d. Dissemination undoubtedly occurred throughout the late 
winter and spring, and in various directions from the source trec^s; 
but effectiv(» dissemination (dissemination resulting in ('stablishnuuit 
of the disi'ase at different distances northward from th(‘ sourc(' tre(‘s) 
must have occurred in a period when winds were fiom the south. 
A(*cording to table 2 the blossoming period in 19.‘]9 extended from 
February 25 to March 17; that in 1940 from February 25 to IVlarch 20. 
Rain fell betwc^en March 6 and 9, 191^9, when the apricot trves W(‘r(‘ in 
full bloom; and between February 25 and P\d)ruary 29, 1940, (‘xtend- 
ing into the early part of bloom. Except for ti-aces of rain the wc^at-her 
was dry throughout the remainder of both p(U*iods. Appanuitly, 
therefore, most or all of the blossom infeidion was initiat(*d b(‘tw(‘en 
March 6 and 9 in 1939 and betweim February 25 and 29 in 1940. 
Effective dissemination probably occurred before or during thes(‘ !*ains. 

Since the recipient trees developing blossom infection wer(‘ local ( mI 
north of the source trees, the effective conidia must liave l)een dis- 
seminated l)y south winds. Records of wind dirc'ction and velocity 
in the orchards were not available; but, according to weather stations 
in the districts wluTe th(‘ orchards were located, south winds prevaih'd 
during the rainy periods of both years (tabl(‘ 2). In both years, 
furthernior(% north winds prevailed for a time im.ni(‘diat(‘ly l)efore 
the rains started. Thus, (diective dissemination does not s(‘(‘m prob- 
able in any part of the blossoming period before inf(‘(‘tion exce]>t 
during the rainy days (March 6 to 9, 1939; F'ebruary 25 to 29, 1940). 

The Weather Buri’au ordinarily records wind movi'inent at soni(‘ 
distance' from the ground; and, in consequence, tlu' velocity which it 
reports will exceed that at orchard levtd. For tlu' writers’ purpose*, 
however, the difference in velocitiy Ix'tween the two periods of spore* 
disse'inination is just as important as the exact ve'loe*ity in the orcharel. 
According to the Sacramento station the avcTage' velex-ity betw(‘e*n 
Marcii 6 aiul 9, 1939, was 8 mile's pe'r hour (table 2), anel the aveTage* 
velocity betweeui February 25 and 29, 1940, was 15 miles per hour. 
During 1940, when the el(H*rease of blossom infection in dise'ase gradi- 
ents was slow, velocities were 1.88 time's greateu* than in 1939, when 
the rate of decrease was more rapid. By infere'iice, thevi-efore, the* 
diffe'rence's in wind velocity acenunt for the obse'rved eliffe'rences in 
spore dissemination. 

In all probability, the aerial denisty of e'ff endive spores was corre lateel 
with the unilaterial dewedopment of the diseme. Boevsky (1) ele'inon- 
stratenl such a corredation for leaf rust of wheat cause'el by Puccini a 
triticina. Appaiently, however, several factors may alter the ejuanti- 
tative redations between density of spores and leved of elisease devedop- 
ment. By assumption, the amount of blossom infection is propor- 
tional to the number of conidia reaching the blossonis; but this 
proportionality is not necessarily constant. Four factoi-s were 

^ For reasons apparent later, density is definited as the number of air-borne 
spores that pass through a unit area of a plane perpendicular to the direction of 
the wind (mean wind direction). 
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mentioned earlier, all of which could affect the relative extent of 
disease spread between orchards and between years. The effect of 
these factors on the data in table 1 was minimized by mathematical 
treatment. There remain other factors that are not affected by this 
treatment. The first is the possibility that the disease in recipient 
trees may have been increased by conidia produced on curiently 
infected blossoms. According to Lambert (^), in stem I’ust of wheat 
the disease zones near barberry bushes, though originating in infection 
by aeciospores from the bushes, aie extended to a much gi'eater 
degree by urediospores produced on the wheat itself. In brown rot, 
however, the susceptible period of the host is so short that secondary 
blossom infeetk)!! apparently does not occur to any appreciabh‘ 
extent {20). 

The second factor, illustrated by Boiwsky^s (/) results on leaf 
rust of wheat, is the tendency for the lesions or comparable foci of 
infection on recipient hosts nearest the source of spoj’es to beconu' so 
numerous as to introduce a considerable error in counts of their 
numbers. This error probably reaches appj'eciable pioportions even 
before the mechanical difficulties of counting become acute. Siruu' 
in the present studies the maximum infection in recipient tri'es 
nearest the source was only 27 percent of the total blossoms in tin* 
tiees, there* is no reason to suspect that these counts r<*flect the aerial 
density of sporc'S less accurately than (‘ounts obtained at greate^r 
distances from the source. 

A third factor is the rain that fell throughout l)oth dissemination 
periods. Two effects of rain seem possible: (1) Reduction in the 
number of spores available for <lissemination; (2) reduction in the 
distance the spores are carried by the wind. The first/ would be 
caused by rain washing tl»e conidia from the source trees, and tin* 
second by rain washing tin* spores from the air. Effects of vaiiations 
in the number of spores available for dissemination were minimized 
by mathematical treatment; but not the (*ffects of rain on the dis- 
tances to which spores were cariied by tin* wind. While no diffinitc* 
answer concerning the latter effects can be given, rain probably did 
not cause the observed differences between the 191^9 and 1940 dis('ase 
data, inasmuch as rainfall during the effective dissemination perioil 
was heavier in 1940 than in 1939. 

On tin* whole, therefore, the charactc'ristics of the blossom-infection 
gradients reported in table 1 are believed to hav(*. been determined 
by differences in the aerial density of conidia disseminated from tin* 
primary source, the group of nonsprayed trees adjacfuit to the recipi- 
ent trees. The remainder of this pap(vr will discuss certain character- 
istics of aerial dissemination. 

EFFECT OF VERTICAL AND LATERAL DISPERSION OF SPORES IN 

AIR CURRENTS ON THEIR DENSITY AT DIFFERENT DISTANCES 

FROM THE SOURCE 

If, as indicated in the foregoing section, the aerial density of spores is 
affected by distance from the spore source and possibly by differences 
in wind velocity, the next feature to examine is the pattern of aerial 
dissemination. The first question concerns the vertical and lateral 
dispersion of air-borne spores as they are carried downwind. One need 
only observe dust or smoke to see that as these materials are blown 
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from the source the particles are scattere<l more and more in all dire(*- 
tions transverse to the mean direction of the wind. Presumably the 
cause of this dispersioji is the eddies or ^Hurbulence bodies^^ in tlie air 
stream, which are known to be tln^ means for transferring such air pro- 
perties as temperature, carbon dioxide*, and moisture from one point to 
another in the atmosphere (2, 4).^ Although turbulence cannot l)e 
.discussed h(‘re in detail, some of its salient features will be mentioned. 

According to records made* with appropriate* meteorological instru- 
meuits, wind rnoveunent is seldom steady for any gre‘at lemgth of time, 
but is marked by recurrent gusts anel lulls, associateel with cross- 
e‘UiTe*nt e'ddies. 't'lie e*eleli(‘s vary in duration, but usually last for a fe>w 
se*e*onel8 only. Those of shorter duration appear to be elistributed at 
ranelom as regarels their movem(*nt in directions transverse to the* 
mean elire*ction, of the wind. Ace‘ording to Geig(*r (,^), the move*ment 
of an inelividual e'eldy, if it could be followed, would seem fortuitious in 
the* extreme*; y(*t, in tin* aggregate, the rnov(*ment of turbulence^ bodies 
through a given mass of air accomplishes a transfer of prope*rtie>s in 
much the same way as mol(‘e*ular diffusion in gasc*s, though at a much 
gi’eate*!’ rate. 

The* pe)int that l)ears upon the pre^seuit problem is the fact that air- 
borne* partie*les, sue‘h as the* fungus spores acted upon by tliese ealelie^s, 
pre)bably t(*nd to ^‘diffuse^” or become* more and more wieledy dispers(*d 
as th(\y are carrie‘d by the winel. Thus, at any given distance from the 
point at wliich tlie’ spe)res are* libe*rat(*d into the air, theur demsity will 
de*pe*nd upon the* numbe*r liberated anel upon the rate* of dispeu'sion. 
Co^^side'ring for a mome'nt a source of limite'el dimensions, such as a 
sporodochium or fruiting structure of Sclerotiriia laja, one see*s that if 
the spore^s are liberat(*el at sue’cossive* intervals inelividually or in clouds, 
th(‘re* will be a progre'ssive decrease in the numl)er passing througli 
equal areas of perpe*ndicedar plane*s locate‘el at incr(*asing elistance’s 
from the s])orode)chium. Whether or not this number be*ars any e*on- 
staiit redatiern to the distane‘e from the soure*e elepe nds u])on wlieth(*r or 
not the elisp(*rsion of the spores follows a consistent patt(*rn. Probably 
the^ simplest relation betw(*eu distance and spore density would occur 
if th(^ progressive* f)ositioi]s of successive clouds of spores formed 
S(‘ctions of a cone whose^ ap(*x was at the source. »Judging from 
observations on a wind-blown (*olumn of smoke, tin* space dispersion 
of the particles is loughly (‘onical. If spores behave in this way, their 
aerial density in plane s(*ction would decrease with distance*, as the area 
of the right-plane section of the cone increases. Since the area of the 
right-plane section of all cones increases in proportion to the square of 
tin* distanci^ from tin* api^x, spore density, in the sense defined above, 
would decrc'ase in inverse proportion to the square of the distance. 
A true coTiical distribution would occur only if the spores dispersed in 
such a way that their density was the same at all points in the right- 
plane sections ol the cone and if the right-plane sections were circular. 
As is shown later, in'ither of these conditions actually obtains; but no 
serious error results from assuming an ideal (*onical spacer distribution. 

The cone, therefore, furnishes a geometric model for studying 
experimentally the diss(*mination of spores. B(*fore the experimental 
results can be d('8cril)ed, it is necessary to d(*fine certain terms used 

® The papers pertaining to turbulence in the atmosphere are too numerous to be 
listed here. Although many were examined by the writers, for th^* most part the 
excellent summaries by Brunt { 2 ) and Geiger (4) were consulted. 



308 


JouTiud of Agricultural Research 


Vol. 72, No. 9 


ill llie following discussious. In the representation of a cone in figure 
2, let 0, the apex, be the source of spores; and let the right-plane 
sections, I, II, 111, be located 5, 10, and 15 feet from the apex. Line 
P which passes through the ^^^enter,^^ i\ of each right-plane section is 
tin* “projection of the point of release'' in the mean wind direction. 
As th(» spon‘S are blown downwind they are also dispersed in all 
directions transverse to P, the “vertical dispersion" of course being 
above and below th(‘ “horizontal dispersion" to the right and left of P. 
Whenever, in the following discussion, a right-plane section of a cone 
or any plane perpendicular to the direction of the mean wind is con- 
sidered, C is called the “center of the plane." 

' m 



Fkjure 2 — Geoiiietric for studying the relation of the intersecting plane 

density of air-borne s[)ore8 to distance from t he source. 


To determim^ dispersion of the spores away from tlu' (‘(‘uttu* of th(‘ 
plane, om* must determine their density at difft'rtMit points along 
vertical and horizontal ax(^s of the right-plane sections, 1, II, and III. 
Their array along thest' axes is termed “distribution," and this term 
is to be considered in its statistical sense. 

DECREASE IN DENSITY OF AIR-BORNE SPORES WITH INCUiEASED DISTANCE FROM 

THE SOURCE 

To deteimine the decrease in density of spores at increased dis- 
tances from the source, a framework was constructed consisting of 
three slender upright supports (5 feet apart) with cross arms at a 
distance of 7.5 feet from the ground. On (^acli cross arm were placed 
five oil-coated slides. Of these, four outlined the circumference of a 
horizontal cone with its apex 5 feet from the fimt support and its base 
on the last support. The fifth slide was placed in the center of the 
right-plane section of this cone (fig. 2, ( 7 ). An experimental cone of 
t^ese dimensions was selected for convenience, not because all the 
ipores were expected to be disseminated within these limits. 
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Preliminary trials at releasing conidia of Sclerotin/ia laxa proved 
uiisatisfactoiy because the spores adhered in (Jumps. It was also 
difficult to maintain the large supply of sporc^s ne(‘('ssary for frequent 
tests. Spores of tlie clubmoss, Lycopodium sp., were then tried and 
found satisfactory. Although these are about 2.5 times greater in 
diam(‘ter than conidia of S, laxa, they are readily carried by ordinary 
air currents. Stepanov (18) reportcHl their rate of fall in still air to be 
2.14 cm. s(‘c. They possc^ssed the additional advantages of separating 
from (aicfi other wluui released into the air and of being easily iden- 
tifi(‘d. They can also be obtained in large quantities from comimuvial 
sources. 

Tests were' conducted as follows: The apparatus was oriented with 
the bas(‘ of the con(» in a downwind din^ction. A vane anemometer 
lo(*at(‘d 7.5 fe(‘t from the ground recordcMl the wind velocity through- 
out. The spon^s were ivleascMl at the ape^x of the cone (7.5 feet from 
the ground) l)y g(‘ntly expelling them, from a small puff-type hand 
duster, the outlet of which was pointed at right angles to the mean 
direction of the wond. After successive puffs of spor(‘s had been 
rtJeased in this manner for 15 minutes, the slides were rtmioved and 
(examined. To avoid errors — since more spores are ordinarily caught 
near the (‘dges of the slides than in the center — the same pattern wois 
followed in counting the numbers in 50 micros(‘opic fields on each 
slid(\ Inasmuch as the vaseline-cottonscHMl oil film appeared V(uy 
uniform, errois arising from difference's of adh(‘siven(\ss betweiui 
slides are believed to be insignificant. 

Table 3 contains the n'sults of 16 U'sts where the wund varied 
between 2.2 and 16.0 miles ptu* liour. Sin(*e the number of spores 
reJeased could not be (h'tc'rmiiKHl witlt any nJiable de^gree of accuracy , 
th(‘ number caught per given area at the first right section (5 f(‘et 
from the souiTe) was taken as the reference value which was iisoxi to 
calculate th(‘ (‘xpi'ctcHl density of spores at 10 to 15 feet from the apex, 
assuming their chMisity to be the same at all [)oints within sectional 
limits of the cone. The coefficients for determining the expected 
density at 10 and 15 ffiet are 0.25 and 0.111, rc^spcictively ; that is, at 
10 and 15 feet tin* number of spores per givcm area should be, respec- 
tively, 25 and 11.1 percent of that at 5 feet. 

Th(‘se proportional relations hold for any cone. Although many 
of the spores were carried outside the limits of the experimental 
coiu', their density varied approximately in inverse proportion to the 
s(|uare of the distance fi om the source. In some tests the observed value 
w as greater and in some less than the expected value. On the whole, 
however, the variations appear to be within the limits of experimental 
erroi*. For various reasons it appears that a closer agreement betw^een 
the two values might have been obtained had the distances from the 
source been greater. A material increase in distances between sup- 
ports, however, would necessitate a framework too long to be easily 
shifted to meet changing wind directions. 

The inverse-s(][uare relation between aerial demsity of spores and 
distance from the source also holds wdien but one part of the right 
section of the cone is considered — that at the center of the plane. 
Table 4 expresses the relative density of spores on center targets 
at 10 and 15 feet as a proportion of that on the center target at 5 feet 
from the sourc(^ The observed values vary around their respective 
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Table 3. — Comparison of the observed and expected density of air-borne spores of 
Lycopodium at S right-plane sections of the experimental rone, observed values are 
averages of results from 6 targets at each distance 



Numbc^r of spores on 07 inni.^ at stated distanct^s 


(feet) from source (apex of cone) 


Wind velocity (niilt^s per hour) 





Data ' 

5 feet 

10 feet 

15 feet 


f Observed 

029 

230 

111 

2.2 

\Exi)ected 

029 

.157 

70 

2.5. 

1 Observed 

1.50 

50 

19 

(Expected . 

150 

39 

17 

3.5 

fOb-served .. . 

170 

30 


(Exjwcted 

170 

43 


3.8 

/Observed 

484 

93 

42 

(Expected 

484 

121 

54 

3.8 

/Observed . 

347 

158 

48 

( Expected 

347 

87 

31* 

4.3 - 

/ Observed 

383 

79 

39 

(Expected 

383 

90 

43 

4.4 

/Observed 

591 

143 


(Expected 

591 

148 


5.1 

/ Observed 

809 

238 

100 

(Expected 

809 

202 

90 

5.3.. 

/Observed 

550 

108 

58 

\Exi>ected . . . , , 

i 550 

138 

01 

5.fi . 

/Observed . . 

I 440 

145 1 

00 

(Expected 

1 440 

112 

.50 

8.5 

/ Observed . 

1 1,390 

301 

105 

lExi>ected 

1,390 

349 i 

155 

11,3 

/ Ol)served 

i 1,340 

307 

115 

(Expected 

! 1.340 

335 

149 

12.1. 

/Observ^'d 

(Expe^te<J - 

478 

i 478 

130 

120 


12.5.. 

/Observed . . 

i 008 

14.5 


(Expected 

i Ot.lK 1 

152 1 


12.5 . 

/ Observed 

018 

145 


(Expected 

018 1 

' 154 i 


10.0 - 

/ Observed . , 

2,704 i 

779 

320 

(Expected. 

1 2. 704 , 

091 i 

1 307 

Average.. 

/Observed 

(ExiM^eted 

730 : 

1 

2(K) 

184 

' 1(X> 

94 


’ KxiJt^clancy at 10 IVot is 2/) porcent and at 15 foot 11,1 pi(*c(*ii( of t hat at 5 Am 


Table 4. — Density of air-borne spores of Lycopodium in a direct line 10 and 15 
feet to windward of the point of release, values expressed as percentages of the 
density at 5 feet from the point of release 


Wind veldcity (miles per hour) 

Num()er of 
tests aver- 
aged 

N umber of sport's caught 
at slated distances 
(feet) for each 100 
spores caught at 5 
feet 



10 feet 

15 feet 

2.0-2.6.. . .... 

2 

34 

32 

10 

11 

11 

3.1-3.8 

3 

4.D4.4 . 

3 

25 

20 

22 

31 

.5.D5.9 

4 

0.0 

'8. 1-8. 5 

1 

2 

7 

14 


] 


12.M2.5 . 

3 

] 

25 

29 

32 

10 

13 

13.4 

lO.O... - 

1 

12 




Mean of 21 tests 


28 

25 

11 

11 

Expected if dispersion is conciaL ... . 



May 1, 


Aerml Dissemination of Spores 


311 


means, which in turn are close to the theoretical values. Again 
the agreement between observed and theoretical is closest at the 
greater distance from the source of spores. 

Heald, Gardner, and Studhalter (6*), working with Endothia parasi- 
tica, and Lambert (9), working with Puccima graminis, found the 
number of air-born(‘ spores to aecrease rapidly as distance from the 
source increased. Stepanov (18) studied th(‘. dissemination of Tilletia 
tritici and liovista plurnbea by releasing the spores at a given point 
0.5 to ,3 meters above the ground and catching them on glass slides 
placed face up on the ground at various distances downwind from the 
point of release. In three tests when wind velocity varied between 
5 and 6 m. p. h. the numbers of spores caught at 10, 15, 20, and 40 m. 
were 24.1, 11.9, 7.99, and 1.2 percent respectively of the number 
caught at 5 m. Wlien dissemination follows a conical pattern, the 
expected percentages should be 25.0, 11.1, 6.2, and 1.6 respectively. 
Boevsky {!) studied the dissemination of urediospores of Pvccinia 
tritkina from a field of winter wheat. His data are complicated by 
tw^o facts: (1) The urediospores of P. dispersa from a nearby rye 
6(4d were included in the counts at certain times; (2) the spring 
wheat surrounding the spore traps became infected by P. triticiim 
and produced urediospores. If one omits from Boevsky ^s data the 
counts in whicJi tlu'se complications occurred, the numbers of spores 
caught at 50, 100, and 200 meters from the edge of the source field 
svere 322, 119, and 27 respectively, whereas the numbers expected 
when dispersion is conical should be 322, 80, and 20. 

distribution of air-borne spores in the vertical direction transverse 
TO the mean Wind direction 

Despite tlu' con(*ordanc(‘ between experimentally observ(‘d ri'sults 
on spore densily and the results (‘xpected if dispersion were' conical, 
llu' distriliution of spores within the cross-sectional area of the (‘one 
was not uniform. Their densitv was gr(»atest at the center of the 
plane — that is, at tin* lev(‘l of relt^ase — and decreased outward to the 
jieriphery of the experimi'iital cone and beyond. Since the numlier 
of targets at each right-plane si^dion W'^as insufficient for showing the 
over-all vertical distributions of the spores the expi'j’imental apparatus 
was redesigned. Beginning 18 inches from the ground, 13 slides were 
placed at l-foot intervals on each of the thr(‘e veitical supports, which 
(as will be remembered) wi're 5 feet apart. Tests were condu(*ted as 
follow^s: After the apparatus iiad been oriented to the direction of the 
mean wind, tlie spor(*s were released at a point 5 fe(*t from the first 
vertical support and at a height of 7.5 f(‘et; that is, on the levc^l with 
the center slide* in each vertical series. 

Table 5 gives results of the tests conducted at sev(*n diff(‘rent wind 
velocities. The array of spores above and bidow the center of the 
plane was roughly similar. In gross aspects the distributions followe'd 
that of normal probability. In a given test tin* vertical distributions 
occurring at 5, 10, and 15 feet from the source differed noticeably; the 
dispersion of spores incr(*ased with distance. A measuj-e of dispeision 
is afforded by the standard deviation of the distributions. The dis- 
tributions obtained at all three distances in winds blowing 5.9 to 16.0 
miles per hour and those obtained at 5 feet in winds blowing 3.8 



Table o. — Vertical distributions of air~horne spores of Lycopodium at successive distances from the point at which the spores were released; 

standard deviations express the degree of dispersion at the stated distances 
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J This distribution is obviously incomplete and hence the estimation of the mean and .standard deviation prese it technical difficulties. The estimates given here are obtained 
by applying the method of differe.ice equation graduation for a slump of a normal distribution curve as explained by Carver (S), 



May 1, 1946 


Aerial DisHewinatwn of Spores 


313 


miles per hour werc^ considered to be complete, and the means and 
standard deviations were obtained in the usual manner. For the 
incomplete distributions at 10 and 15 feet in the 3.8 miles per hour 
wind, however, these statistics had to be determined by difference- 
equation j^raduation, as explained by Carver (5). The analyses also 
appear in table 5. 

Several features of these data should be discussed: (1) Even at the 
lowest wind velocity Lycopodimn spores, which are heavier than the 
conidia of Sclerotinia laxa, were carried upward for several feet within 
a comparatively short horizontal distance from the source; (2) judg- 
ing from the standard deviations, vertical dispersion of the spores 
increased approximately in proportion to the distance from the saurce; 
(3) though the means increase slightly between 5 and 15 feet, on the 
whole the spore dispersion in a vertical direction occurred at random. 

According to Schmidt (/7) the air-borne distribution of very light 
seeds and of spores is normal (in a statistical sense). This conclusion 
follows from an analogy with the traiKsfer of heat outward from its 
source. The observed distributions in table 5 partially confirm 
Schmidt’s statement: they can be described in their gross aspects, as 
normal ; yet , since they are rough or knobby, they cannot be regarded 
as coming from a normal distribution by means of random sampling 
alone. There is a plausible explanation: the eddies in the air move 
as comparatively large bodies, not as small particles. These turbu- 
lence bodies, carrying different numbers of spores and maintaining 
their identity for considerable periods before mixing with the surround- 
ing air, may cause momentarily large variations in the density of spores 
between adjacent small areas of air. Thus in experiments such as 
these where the spores were released for a relatively short time, some 
unevenness in distributions must be expc(‘ted. Extending the period 
of release should usually result in smoother distributions. This point 
will be noted again in the following section. 

Mention of the size of turbulence bodies raises a question regarding 
the effect of tree branches on the distributions. Air movement 
through the orchard (without leaves, as during the blossoming period) 
should be more turbulent than air moving over the open ground, as 
in the foregoing tests. To some extent, probably, the branches would 
reduce the size of turbulence bodies; but in any event the mixing of 
the air should be increased over that occurring in the open. To 
determine how the tree branches affect vertical distribution of Lyco- 
podium spores, four tests were conducted during the winter when trees 
were not in leaf. First, the spores were released over open gi-ound 
and were caught 15 feet from the point of release; then the apparatus 
was quickly transferred to a small orchard, and the spores were so 
released tha t they were carried through the branches of one tree before 
being caught on the vertical series of slides 15 feet away. In all cases 
the air currents moved through the branches of four trees before 
reaching the point of release. This is mentioned because the turbu- 
lence of the air probably would increase as it passed through the limbs 
of more and more treea. According to table 6, the spores became 
more widely dispersed within the orchard than over open ground. 
Apparently, therefore, the vertical component of turbulence is greater 
in the orchard than in the open. Presumably the same would be 
true of the horizontal component. 
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The trees have an effect on wind velocity. Data on this featxu'e 
are comparable, since the average wind velocity over open ground 
was found to vary little during the time each pair of tests (outside 
and inside the orchard) was conducted. The trees always reduced 
wind velocity, but apparently the reduction was least at the lowest 
velocity. \Vhen , for example, the velocities in the open were 4.9 
6.6, and 8.7 m. p. h., the velocities in the orchard decreased, respec- 
tively, 0.9, 2.1, and 3.4 m. p. h. Apparently, therefore, trees not 
only impede the movement of air currents but somewhat lessen the 
range of velocities. 

^I'able EJfert of'^lormant orchard trees on wind velocity and on vertical dispersion 
of air-horne spores of Lycopodium 


1 )aU‘ 

In oixm 

In orchard ' 

Wind veloc- 
ity 

Standard , 
deviation of 
distribution * 

Wind veloc- 
ity 

Standard 
deviation of 
distribution 2 

Hi44 

M. p. h. 

4.9 

6.6 

8.7 

1. 31 
1.78 
1.97 

m: p. h. 

4.0 

4.5 

5.3 

2.31 

1.99 

2.05 




' A small orchard of dormant trees. In allrsses the wind moved across 4 rows of trees before reaching the 
area w’here tests were conducted. 

2 Vertical distribution 15 feet from point at w'hich spores were released. In the orchard the spores were 
released on one side of a tree and caught 15 feet away on the other side. 


DISTRIBUTION OF AIR-BORNE SPQRES IN THE HORIZONTAL DIRECTION 
TRANSVERSE TO THE MEAN \MNI) DIRECTION 

Tracing made hy means of the bidirectional wind vane show that 
th(‘ amplitude of the horizontal variations of eddies is greater than 
that of the vertical variations near the earth's surface. At a height 
of 2 111 ., for example, the ratio of the horizontal to verti(*al amplitudes 
(h/v) is 1.59. This ratio decreases to 1.2 at 18 m. and is probably 1.0 
at somewhat greater heights (2). To ascertain the dispserion of spores 
in the horizontal direction, transverse to the direction of tlu' mean 
wind, cross arms were attached (at a height of 7.5 feet) to the appara- 
tus described earlier. Distribution of spores could then be determined 
for a distance of 6 feet to the right and left of the vertical support, as 
wudl as 6 feet above and below the horizontal cross arm. 

Table 7 gives the results from four tests conducted at wind velocities 
of 3.8, 6.1, 7.2, and 10.3 miles per hour. On the whole, distribution 
in the horizontal direction followed that of normal probability; but 
difficulties were encountered in orienting the apparatus with the triu' 
direction of the mean wind. vSometimes, therefore, the peak of spore 
density occurred to the right or left of the center of the apparatus. 
When' spores w^ere released for a relatively short time, say 15 to 20 
minutes, the distributions proved to be somewhat rough and kimbby. 
The explanation, apparently, was that the shifts or variations in the 
horizontal direction are of fairly long duration as compared with those 
in the vertical direction. A common characteristic of horizontal 
variation seems to be progressive rather than instantaneous shifts to 
one side or the other, tnen progressive shifts in the opposite direction. 
As a result, clouds of spores released in rapid succession would be 
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carried to the right or left of the mean direction for several seconds 
before they are again carried the other wav. When the period of 
release was increased to 30 minutes or more, the resulting distributions 
were found to resemble more nearly that of normal probability. 


Table 7. — Comparison of the vertical and horizontal dispersion of air-borne spores 
of Lycopodium as measured by the standard deviations of corresponding distribu- 
tions above and below and to the right and left of the projection of the point of release 



Standard 

deviations 



(a) of distributions at 


WIikI volodty per hour) and 

dinionsion 

stated distance from 
point of spore release 

a 15 ft./ 

«r 5 ft. 


5 feet 

15 feet 


3.8: 




Vertical 

0. 62 

! . .50 

2. 56 

Horizontal 

1.08 

2.48 

2.20 

r».l: 




Vertical .. 

.61 

1.81 

2.07 

Horizontal - . _ - 

1.47 

2.30 

1.63 

7.2: 

V(*rtieal 

Horizontal 

..SO 

.94 

1..55 
2. 32 

2.6:1 

2.47 

10..3’ 


Vertical. ... 

.55 

1.53 

2.78 

Horizontal 

1.08 

2. 81 

2.60 


h/tr V 


5 foot I'ifpet 


1 . 74 1 . 

2. 41 1 . 32 

1.5« 1.49 


1 . W 


1.84 


The outstanding feature of th(‘ results in table 7 is the consistency 
with which the standard deviations of horizontal distributions exceed 
those of vertical distributions. At 5 feet from the point of release 
the ratio crh/av averaged 1.93, and at 15 feet it averaged 1.55. The 
latter is very close to the' ratio 1.59 obtained by means of ti*acings 
made with the bidirectional wind vanc' at 2 rn. (6.56 feet) from the 
ground (2). 

At 5 feet from the point of rel(‘ase the standard deviations of hori- 
zontal distributions averaged 1.14, at 15 feet 2.5, a ratio 

(<7 5 leet) 

of 2.19. Th(^ corresponding values for vertical distribution are 0.59 
and 1.62, and tin' ratio is 2.74. Thus the dispersion of spores in both 
dimensions increased roughly in proportion to distanct' from th(» 
source. Whether the differen(*e between the two ratios indicates that 
th(> rate of dispersion in the vertical was somewhat greater than that 
in the horizontal was not apparent from tin* data. These results will 
lie discussed again later in relation to wind velocity. 

Whether the conidia of Stderotinia laxa are released into tlu^ air 


singly, in continuous streams, or intermittently in clouds as in the 
foregoing tests, prol)al)ly makes little difference in the manner in wlii(*h 
they are dispersed vertically and horizontally. When dispc'rsion is 
measured in a plane perpendicular to the mean wind direction, the 
distribution resulting from numerous small clouds having passed 
through the plane restunbles the distribution that would i-esult from 
dispersion of individual spores in a plane through the center of a single 
cloud of spores moving in the direction of the mean wind. That is, 
spore density is greatest at the center of the plane and dc'creases 
toward the periphery. As the cloud moves farther from the source* 
it continually expands because spores are continuously dispersed 
vertically and horizontally. Hence tht* g(*ometrical model that best 
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describes the expansion of this hypothetical cloud of spores is a cone. 
We have just seen, however, that this cone is not circular in cross 
section, but is greater in the horizontal dimension. As noted earlier, 
though ideal conical distribution of spores does not occur in nature, 
the density of spores in a plane perpendicular to th(‘ projection of tlu^ 
apex (the point of release) varies approximately in inverse proportion 
to the square of the distance from the source. 

According to Brunt {2), eddies of short life apparently occur at 
random with respect to their movement transverse to the main air 
current. This supposition seems to be borne out by the manner in 
which spores are dispersed. In order to visualize more clearly the 
effect of turbulei\ce on dispersion of air-borne material, the following 
experiment was devised. A single vertical support bearing a cross 
arm 4.5 feet from the ground was constructed. Each of the vertical 
and horizontal arms was plainly marked at 1-foot intervals. After 
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Fioure 3. — The dispersion of “smoke” clouds by eddies in the wind. Smoke 
formed by aspirating fumes of ammonium hydroxide thnmgh hydrochloric acid 
was released from a position 4.5 feet above the ground and 16 feet from the 
supports. Wind velocity 0.4 miles per hour. 

orienting the structure to the direction of the mean wind, small puffs 
of ‘^smoke^^ formed by aspirating fumes of ammonium hydroxide 
through hydrochloric acid were released in rapid succession from a 
position 16 feet from the supports and 4.5 feet from the ground. As 
the smoke clouds passed the support, the position of their centers 
relative to the verti(*.al and horizontal markings was noted, and thus 
data were secured from which to construct the kind of diagrams 
illustrated by figure 3. Though these tests were not numerous, all 
showed that dispersion of the individual smoke clouds was greatest 
at the horizontal position and decreased to a minimum at the vertical. 
The outline of the diagram, in consequence, was roughly oval. Though 
the smoke particles may not behave in the same manner as spores, the 
tests showed how the clouds are partitioned approximately equally 
between the (quadrants of the oval — ^although, in the tests iuustrateeJ, 
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there was some tendency for more clouds to be carried below than 
above the horizontal axis, possibly because the particles were heaw 
enough to be influenced by gravity. What the diagram does not 
show is the dispersion of the particles in the individual clouds which, 
upon being carried downwind, rapidly expanded and reached the 
point of invisibility shortly after passing the support. 

It is interesting to compare the horizontal and vertical dispersion 
of these smoke clouds with tracings obtained by means of bidirec- 
tional wind vane. The standard deviation of the horizontal dispersion 
((T h) in figure 3 is 2.46, that of the vertical dispersion (o- v) is 0.98, 
and the a h/ a v ratio is 2.5. With the wind vane, tests {2) at a height 
of 2 feet gave an h/v ratio of 3 and at 8 feet 1.4. Interpolating to 
4.5 feet, the height of the smoke tests, we obtain 2.0, a figure not far 
from our value. 

REL^ATION OF WIND VELOCITY TO DISPERSION OF AIR-BORNE SPORES TRANSVERSE 
TO THE MEAN WIND DIRECTION 

Assuming foi* the moment that higher wdnd velocity explains wdiy 
th(^ incidence* of disease dcHTeased less rapidly with distance in 1940 
tlnui in 1939, the question is how can velocity be (‘orrelated with den- 
sity of air-borne spores. Om^ possibility would Ix' that the spores 
wer(‘ subj(H‘t to k^s dispersion jier unit of distance^ from the source in 
high wdnds tlian in low winds. For a given number of sporc^s rtdtxised 
at the source, tli(‘ k‘ss the dispersion per unit of distance traveled from 
tlu‘ sour(‘e, the greati'r the total number carricxl through the recipient 
tre(\s during the period of effective dissemination. We are speaking 
h(;r{^ of the total numbers of spores reaching (upial areas in the recipients 
ti(‘es at diffcj-ent distances from the so^urce, and not of the rate at which 
these numbers decrease, for, in the (experimental results pr(‘sent(Rl 
(airlier, the density of air-borne sporc^s decr‘eased at tine same rate at 
all w ind v(>locities between 2 and 10 mih^s p(‘r hour. Siinx^ the spore 
dispersion follows an approximate conical patt(‘rn, and since in the 
experiments relating to spore density the samples (‘ollectc^d by m(>ans 
of oil-coated slides wnvre uniformly scattered over right sections of 
comes at differ*erit distance's from the apeex, then for each apex distance 
w'e wx‘re dealing wdth a constant proportion of the total numb(*r of 
spores liberated. This is so because the area of the cone base is pro- 
portional to tlu^ square of the distaime from the apex. B(esid(es, as 
shown earlier, the standard deviations of spores distr*ibutions, wdiich 
(Lxpress the degr(H‘S of dispersion, are also proportional to the distance 
from the apex; Inuice the area of the right section is proportional to 
the s(|uare of the standaixi deviation. When the I’atio of the number 
of sporc's per unit area (density) is taken for two diffei'ent distances, 
the total number of spores and the constant proportion of this total 
number, which depend upon the dc^gree ol dispersion, cancel out. 
The result; that is, the rate of changes in density — is then independent 
of the degree of dispersion, and therefore of any effind that wind 
velocity might have on dispersion. 

If, on the otluir hand, the rate at which the spores disperse as they 
are blown downwind is altered, the rate at wdiicdi their density de- 
creases from one distance to another will not change; but the total 
number of spores passing through a given area of a vc^rtical plane will. 
A decrease in dispersion rate can be visualized as a (*ontraction in the 
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diameter of the hypothetical cone of dispersion. Thus, with a given 
number of spores liberated at the source, the more the cone contracts 
the greater is the number of these bodies passing through a unit area 
of its right sections. 

Effects of wind velocity must be looked for, accordingly, in the data 
on spore dispersion, not in the data on comparative densities. Aside 
from somewhat largei standard deviations for distributions at 3.8 
miles per hour, the values pertainii^ to dispersion in table 5 chang(‘ 
little if any with clumges in wind velocity. Those in table 6 increased 
somewliat, whereas those pertaining to vertical dispersion in table 7 
decreased slightly. In another series of 26 tests, vertical dispersion 
was d(derinined a| 5 feet from the source. The mean values presentf^I 
in table 8 iirdicate that dispersion was high at low velocities but varied 
little between medium and high velocities. These data and those in 
table 5 are open to two interpretations: (1) The degree of dispersion 
deci eases rapidly between low velocities, but much less rapidly be- 
tween medium and high ones; (2) if velocities (5 miles per hour or 
lower) at which winds arc notably variable in direct ior» ar(‘ disregarded, 
the degree of dispersion at equivalent distances displays no significant 
t(uidency to change with wind velocity. 


Table 8. — Standard deviations oj vertical distributions of air-borne spores of Li/co- 
podiurn S feet from the source of various tviml velocities 


Wiml vi'ldcity (miles inr hour) 

M (*an 
slftiidarcl 
deviations (<r) 
of vertical 
distributions. 

Wind velocity (miles pi r hour'i 

M can 
standard 
deviations (o * 
of verlidil 
distribiitif)ns 

1-3 , ' 

1.57 

I 1. 13 

9-11 ! 

. 45 

3--5 , , , , „ . , . 1 

13-15 i 

. r.2 

.V-7 1 

1 . 58 

15-17 . i 

. 59 

- 1 

! .«4 

17-19 i 

1 


Pr*esumably dispersion would be affected by changes in the turbii- 
lence of the air. At the height at which these tests w(ue conduct(Ml 
(7.5 feet) the main source of turbulence is friction along the earth’s 
sui*face {15). A second source, thermal, is afforded by a decrease in 
air temperature with height above the earth. If this decrease is 
greater than the adiabatic lapse rate, warm air will tend to r ise. On 
the whole, thermal turbulence is most pronounced at low wind velocity. 
Even moderate air flow prevents the formation of a. steep tempera- 
ture gradient and thus is unfavorable for thermal turbulence. Fric- 
tional turbulence, on the other hand, increases with increased air 
flow. Gustiness of the wind, and consequently the strength of cross 
eddies, is said {15) to be about proportional to wind velocity. Judg- 
ing from measurements made with the bidirectional wind vane, tin* 
ratio of vertical to downwind velocities in eddies increases with wind 
velocity, but the ratio of the horizontal to downwind velocities is 
less noticeably affected {2). The ability of strong winds to lift and 
carry dusts to great heights is widely recognized. Apparently less is 
known, however, about the effects of variations in wind velocity on 
the rate at which wind-borne material is elevated in comparison with 
the rate at which it is carried downwind. Consider, for example, the 
situation illustrated by figure 4. Assume that dispersion at a distance 
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X for an 8 miles per hour wind is 1 . Assume also that as wind velocity 
increases the rate of turbulence increases, but somewhat more slowl}^ 
than that of wind movement. If an 8 miles per hour wind moves a 
distance a in t time, a 16 miles per hour wind would mov<* th(‘ distance 
X in K I time or 2 x distan(‘e in t time. In table 5 we can compare 
the standard deviation (0.78) of dispersion at 5 feet from the source' 
for an 8.1 miles per hour wind with that (1.37) at 10 feet from th(‘ 
source* for a 16 miles per hour wind; wluui velocity double's the' defi:i*('(' 
of dispersion increased 1.9 time's. 



Fioukk 4. — A (H)inpari.s()n of the relations bet \\ eon tlu* deann* of dispersion of 
air-borne spores at a siveii distance, r, from the source of spores wlien the rate's 
of increase in dispe'rsion and VNind velocity are l.f) and 2, respectively. 


Howt'.ver, to show wind-velocity e'ffects in fiji^ure 4 the eh'^rt't' of 
dispersiem for a 16-mile'-ptu-hour wind is assumeel to be 1.5 at 2 x dis- 
tance. Representing the dispersion in an 8-mile-per-hour wind by 
bar AB at x distance' from the^ source 0, and dispe'rsion in a 16-milev 
per-hour wine! by bar MiX at 2 : elistance, if dispersiem is conical; that 
is, if it increases in proportion to the distance from the semree, as ineli- 
cated by the experimental results — the degree of dispe'rsion at all 
distance's from the source will be repre'senteel by lines OA anel OB for an 
8-milevper-hour winel, anel by lines OM and OA'feyr a 16-mile'-pe'r-hour 
wind. In this situation, as inspeH'tion re'veals, the elegree to which the 
spores are disperseel at x elistance by a 16-mile'-per-hour wind is less than 
that for an 8-mile-pe'r-hour winel. At a given elistane'e, therc'fore, the 
de'grt'e of dispersion will diminish as wind velocity rise's, unless the 
ine^rease in the rate at which the spore's are disperseel eejuals or e'xcee'ds 
the inerrease in the rate at which they are carried de)wnwind. 

With these relations in mind we shall reexamine' the spore-dissemi- 
nation results. At low-w^ind ve'locities dispersion was frequently 
mu('h greater than at ineMlium velocitie's; but it eliei not diminish notice'- 
ably throughout medium and high ranges (tables 5 and 8). Many of 
these tests were conducted on sunn}^ days when conditions favored 
thermal turbulence. This type of turbulence probably played a con- 
siderable part in vertical dispersion, especially when wind movement 
was low. Moreover, because winds of low velocity are noticeably 
variable in direction, the spores would probably be mucli more widely 
scattered at such velocities than at higher ones. For these reasons, 
we are not fully warranted in attributing the rapid decease in disper- 
sion between low and medium velocities to the dirninisliing effects of 



320 


Journals of Agricultural Research 


Vol. 72. No. 5) 


frictional turbulence. If results obtained at velocities below 5 miles 
per hour are excluded, the standard deviations obtained for medium 
and high velocities are found to exhibit no consistent variations. 
For example, none of the values for velocities above 3.8 miles per hour 
in table 5 show marked differences, especially if corresponding stand- 
ard deviations for 5.9 and 6.4 miles per hour and those for 8.1 and 8,5 
miles per hour are averaged. Likewise, the values for velocities above 
5 miles per hour in table 8 show little tendency to vary with wind 
velocity. If, therefore, the interpretation regarding the relation of 
dispersion to distance, as given in figure 4, is correct, these results 
indicate that dispersion increases at approximately the same rate as 
wind velocity foe distances up to 15 feet. The standard deviations in 
table 6, column 3, indicate, on the other hand, that the rate of disper- 
sion increased about 1.37 times faster than wind velocity, whereas the 
values pertaining to vertical dispersion in table 7 indicate the rate of 
increase to be about 0.85 times that of the increase in wind velocity. 
Thus the av(Tage value for all four series is approximately 1 - a unit 
change^ in velocity resulted in a unit change in vertical dispersion. 

About horizontal dispersion much less is knowui. Judging from the 
results reported for the bidirectional wind vane (;2), turbulence in this 
dimension changes little if any as wind velocity increases. If such is 
th(' case, we should expect from the analysis in figure 4 that standard 
(hviatious of horizontal distribution at 5 and 15 feet in tabh^ 7 w ould 
decrease* as velocity increased from 3.8 to 10.3 miles per hour. There 
is a suggestion of a decrease; but, as noted earlier, considerable <liffi- 
culty w^as encountered in determining over-all distribution in the 
horizontal, and so the results do not justify conclusions. 

Turning to tlu^ results on spnmd of tin* disease in apricot orchar'ds 
(table 1), w^(‘ find the incidence of blossom inft*ction bt'tween tlu* 
source and tlie fourtli row of recipient tr(*es (88 feet) to have de(‘r(‘ased 
94.5 percent in 1939 and 77 percent in 1940, a difference of 17.5 per- 
c(*ut. Presumably, therefore, tin* density of spores varied to a similar 
degree. A diff(*renc(* of 17.5 percent in dispersion at 88 fec^t from the 
source probably n^presents a much smaller difference in density. In 
any event, these results may be explained as due to the differene(*s 
between wind velocities at the twm effective dissemination i)eriods, 
provided the rate at which ilm spores were dispersed relative to tlie 
rate they W(U*e carried dow nwind is assumed to have been less in 1940 
than in 1939. In some of the tests mentioned above, the ratio of 
change in wind velocity to change in vertical dispersion was 1.0 : 0.85; 
but tliis may have been due to chance, l)ecause in other tests the 
ratio was 1.0 : 1.37 and the average of all tests was approximately 
1.0 : 1.0. If increases in horizontal dispersion did not keep pace 
with imreases in wind velocity, the aerial density of the spores would 
diminish as wind movement increased in cases where the source of 
spores is a limited area. When, however, the source extends an ap- 
preciable distance transverse to the wind direction, such as a block 
of trees may do, dispersion in the horizontal would probably not be 
greatly affected. Apparently, therefore, the assumption above will 
be valid only if the rate of vertical dispersion increases somewhat 
more slowly than that of wind velocity. 



May 1. l»4fi 


Aerial Dinf^enimatw^ of Spores 


321 


INTERCEPTION OF SPORES BY THE TREES AS A FACTOR IN 

AERIAL DENSITY AT INCREASING DISTANCES FROM THE 

SOURCE 

What doos the inle]*(*(‘ption of air-borno spores hj the trees 

liave on the density of these bodi('S? This discussion was purposely 
delayed until all experimental data had V)een presented. More 
specifically the question is, will the nurnb(T of spores caught by the 
trees significantly diminish the density at subsequent distances, and 
might tiu^ number caught vary with wind v(>locity? 

That such a loss reduces the aerial density cannot l)e denied. As 
will b(‘ recalled, however, in the (‘xp(‘rimental work the glass slides 
caught larg(‘ numbers and y(‘t their aerial dcm.sity did r.ot consistently 
diminish more rapidly than was to be expected from coi>ical disp(*r- 
sion. In these tests, moreover, the decn^ase in density was i>ot affe(‘t- 
ed by variation in wind velocity. The number of spores caught on 
branches and blossoms may hav(^ affected tln^ incidenc(‘ of disease* in 
r(M*ipi(*nt ti‘e(?s, but how gi*(‘atly cannot bc^ (*stimated. 

MATHEMATICAL MODEL OF DISPERSION IN WIND-BORNE 

SPORES 

I)(*spit(* some conflicting results report(*d in the previous s(‘ctions, 
c(*rtain features seeun to be clearly established. We shall list th(‘m. 

1 , Th(‘ average* win.d velocity in 1940 was 1.88 times gre*ate*r than that 
of 1939 during the* respective* pe*rioels of e*ffe*ctive spore dissemination. 

2. The^ horizontal and ve'rti(*al distributions of spoi*e*s we>re* approxi- 
mate*ly normal. 3. The^ re*sults obtained in the open are not eiii*e‘ctly 
applicable to orcharel conditions; for in.stance, the wind ve*loe*ity is 
re‘elue*e'd 18, 32, and 37 peu*ce‘nt for V(*locitie*s of 4.9, O.O, and 8.7 mile's 
|)er liour (table 0), anel the* limbs have a pronoun.ceel e*ffe‘ct on turbu* 
ie*nce‘. 4. The staneiard deviations of the ve*rtical and horizontal 
spoi-e* distributions incre*ase with distane'e from the soure-e. 5. The* 
infe*e*tion gradieuits were veuy diffe*re*nt in tlie 2 years 1939 and 1940. 
It is ne)t dedinitedy establishenl that wind velocity affected the stand- 
ard de'viations of the spore elistribution at equivalent elistances from 
the soure'c. Certain of the experime*ntal data suggests, however, 
that this might be the case unde^r some conditions. 

We shall construct a mathemati(‘al model of wind-boi-ne spore 
dispe*rsion that conforms to the clearly (*stablished facts. Some gaps 
will have to be bridged. If further investigations show that this 
bridging has not been done properly, then the model can be modified 
to take accoujit of the new data. 

First let ns ol)serve that the data of figure 5 can be very well repn*- 


sented by the equations 

1,938 

(1) 


y 

for the year 1 939 and 

_ 551.8 

y ^"7123 ' 

(2) 


for the year 1940, where y is the percent of infection in successive 
rows of recipient trees in terms of tlie percent of infection in the 
source trees and x is the distance of the centei*s of successive recipient 
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Fioure 5. — The relativ(‘ incidence of blo.ssoin infection t)y Hclerotiniii laxa 
in apricot trees at various distances from the source of conidial inoculum, and 
at mean wind velocit ies of 15 miles per hour (-f) in lh40 and 8 miles per hour 
(°) in 1939. The curves were* fitted by means of ecpiations developed from 
a theoretical treatment of spoie distributions Kiven in the following section. 

rows from the centt'r of the first row of the source trees- that is, 
X takes the values 22, 44, 66, 88 for the successive recipient rows 
(table 1). Thes(' formulas^ were obtained by making an equation 
of the form 



[lass through the point with an abscissa of 11 and an ordinate of 100, 
and then averaging the observational equations to obtain the vahu* 
of log A. Tlie abscissa value of 1 1 f('et seems to be indicnited for the 
following reason: Since the branches of the trees extended approxi- 
mately halfway between row^s, the area from wdiich the spores w(U’e 
supplied did not end at the center (trunks) of source trees that were 
nearest the first row" of recipient tn^es. A distance halfway (11 feet) 
between the last source row" and the first recipient row", therefore, 
was chosen as the place at which a decrease in the aerial density of 
the conidia began. Choosing this point for the beginning of d(‘crease 
in infection permits very good representations of the observed data 
as shown in figure 5. 

Let us now" begin at the beginning of spore dispersion and see 
what is necessary to arrive at the result expressed by equation 3. 
According to Brunt (^), who was reporting the work of others, the 

Mil article by P. H. Gregory (5) was published in the Transactions of the 
British Mycological Society after the present paper was submitted for puolica- 
tion. To describe the pattern of spore dispersion Gregory employs an equation 
developed by meteorologists from studies of the transfer of heat, momentum, 
and matter by eddy diffusion. In general, this equation and equation 3 of the 
present paper give similar results, tbe major difference being in the range of the 
exponent for distance, x. 
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standard deviations of horizontal and vertical distributions of smoke 
particles, d^n^ in water, and the like are of the form 


(T^ax^ ( 4 ) 

H(‘re a is the standard deviation of a distribution at a distance x from 
tlu' source, a is a constant, and p is a numlier between % and 1 ; and the 
horizontal distributions are independent of the vertical distributions. 

In view of tlie investigations carried out by others (8) as well as 
those cited in this j)ap(*r we shall assume that 

(T.^^ax^, (Jhx^hx^ (5) 


H(‘re «nd am res])(‘ctively the standard deviations of vertical 
and horizontal sfion* distributions at distance x from the source; 
a, 6, />, and q are quantities that may depend on wind velocity but 
do not depend on X] and the horizontal and vertical distributions are 
normal and independent of each other. We shall admit values from 
to 2 for p and (/, instcuid of J 2 to 1 as other investigators have sug- 
g(‘sted. We must assume that />, (/, a, and h depend on wind velocity, 
in onhvr to account for th(» observed difference between infection 
gradients for tlu^ 2 years 1939 and 1940. Separate representations 
an' used for ^Oid anx because, as shown in the previous dis(*ussions, 
the verti(?al and horizontal distributions behave somewhat diffenuitly. 

On the basis of tlu'se assumptions and the consideration of a block 
of sources, we are led to equation 3 as a valid approximation of the 
ifdection gradient if x is sufficiently large. 

If we plot our two values of p given in equations 1 and 2 against 
wind velocity and extrapolate back' to zero wind velocity, we get 
1,81 for p. This is fairly close to 2.0, the value of p corresponding 
to the relation l)etween y and x for a conical distribution. Judging 
from th(» pj*esent data, p may li(* betwecui 0.5 and 2.0. We are now 
considering a block source, not a point source as in the experiments 
(h'seribed in th(‘ earlier sections. 

The percentage's of infection, furthermore, depend only on the stand- 
ard (h'viations of tin* vc'rtical distributions. 

In (conclusion, let us make three assumptions — (1) the percent of 
infi'ction is proportional to the number of spore's re'aching a give'ii 
ar-ea; (2) the general level of blossom susceptibility is measure'd by 
the percent of blossom infee'tion in the source trees; ^3) spoies fan 
out from a single source in such a way that both horizontal and 
ve'rtical distributions are normal and inde'pende'iit, with standard 
deviations proportional to some power of the distance from the soure'c 
(not necessarily the same) and with me'ans that lie on the line of pro- 
jection of the source in the average direction of the wind. The'n 
the ratio, ?/, of the percent of infection in a vertical slice of susc'cptible 
blossoms at a perpendicular distance x from the source plane to the 
percent of infection in the source trees is given to a good first approx- 
imation by an ee] nation of the form 

A 


Here A and p are (constants that depend on average wind velocit^y 
and perhaps, to a lesser extent, on many other quantities; and x is 
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nieasurod from the* (tenter of the first row of source trees. The assump- 
tions stated above have be(*n made plausible by data collected in spe- 
cially designed expi‘rim(*nts and by a wide survey of the existing 
literature. Two distinct sets of data have been successfully treated 
on th(* basis of these assumptions (fig. 5). 

DISCUSSION 

Many details concerning the aerial dissemination of spores and tin* 
spread of the disease that the spores incite must be studied before 
general conclusions any warranted. Further study of c(*rtain details, 
however, must await an improvement in the method for measuring 
dispersion, since ’’the method for ascertaining the over-all distribution 
of spores at intercepting planes is not adapted to greater distances 
than those employed herein. Additional studies should include, 
among other things, a comparison of dissemination ov(‘r open ground 
with that through orchard trees. 

Since tht* zoru^ of fricdional turbulence in the atmosphere is limited 
in depth and since the magnitude of its vertical comporu'nt varies with 
height, the pattern of spon* dispersion aloft might well differ from that 
near the eartlds surface. Judging from results by Durham (/^\ 
spores carri(*d into tin* upper air may at times r(*ach a ‘^ceiling” above 
which they are not readily dispersed. Such a c(*iling might well occiii’ 
at the lower boundary of ap inversion in tin* upper atmos|)here. 
Ac(*ording to Lyman (fO), the smoke from certain for(‘st fires remained 
in the air at a density sufficient to affect visibility for hundreds of 
miles southeastward. Points regarding the long-distance transporta- 
tion of spores in air masses are discussed by Durham (12)^ Lamb(*i*t 
(5), Rittenberg (10)^ ZoBell {12)y and Jacobs (7). 

SUMMARY AND CONCLUSIONS 

Conidia of Sclerotinia laxa^ tin* cause of a blossom blight ing of stone- 
fruit trees, are produced in laip* numbers during late winter on 
blossoms and twigs that W(*re Wighted the |)revious spring. These are 
detached from the sporophores by winds of low velocity and, judging 
fj'om their rate of fall in still air, are readily transported by air currents. 

Spread of the disease through apricot orcliards by means of air-borne 
conidia northward from well-defined sourc(*s of spores have been 
observed. P'or three disease gradients studied in 1939 the mean 
l(*vels of blossom infection in trees 22, 44, 66, aiul 88 feet from the 
nearest source trees were 39, 21, 12, and 6.5 perc(*nt, respectively, of 
the level in source trees. For four gradients studied in 1940 the 
corresponding values were 55.5, 40, 28, and 23. 

The mathematical treatment of these data minimized or eliminated 
the effects of such factois as the number of spores produced and 
liberated at the source, the length of the dissemination periods, and 
variations in the environmental conditions that initiate infection. 
For this reason, an explanation of the differer)ce between the 1939 and 
1940 gradients was sought elsewhere. According to a study of the 
circumstances preceding blossom infection, in 1939 and again in 1940 
there was only one period at the susceptible (blossoming) stage of the 
host when the direction of the wind favored spore dissemination north- 
ward from the source. During the 1940 period mean wind velocities 
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were 1.88 times higlier than during the 1939 period. The amount of 
blossom inh'ction was assumed to be proportional to the number of 
spores reaching the blossoms, and the unilateral characteristics of the 
gradients wer(» judged to be expressions of variations in the aerial 
density of spores during the effective dissemination periods. Factors 
capable of disturbing the relations between inchhuice of the disease and 
aerial density of spores are discussed. 

Variations in aerial density of spores as distance from the source of 
spores increased were studied by rehuising Lycimodium spores and 
<*.at(‘hing them on glass slides placed 5, 10, and 15 jfeet downwind from 
the point of release. The density — that is, the number of spores pass- 
ing through a unit area of intercepting planes — varied approximately 
in inverse* proportion to the square of the distance from the source, a 
relation to be* expeM*ted if the dispemion e)f the spores is described by a 
horizontal cone having its apex at the* soure‘e of spores and its base 
e)rie*nteel to the direction of the mean wind. 

Accoi-eling to other te>sts the* over-all distribution of these spores 
along the ve*rti(*al and horizontal axes of intercepting planes followed 
roughly that of normal probability; that is, the de*nsity of these bodies 
was gieatest in the* center e>f the plane* (at the level of release) and 
ele‘creased progressive‘ly above and be*low and to the* right and left of 
the center. The standard deviations of the distributions we*re em- 
ployed, there*for’e*, to e*xpre*ss the degree* of elispersion at various dis- 
lajH'es from the source*. These* value‘s incre*ase*el approximate*ly in 
proportion to the elistance from the soure^e*. At equivale*nt distance*s, 
however, the stanelarel de*viation for Imrizontal elistributions (o-/,) 
we*re consistently greater than those for verti(‘al distributions (o-,,). 
V\he*n spores were re*le*ase*el 7.5 feet fremi the grounel, the mean er/j/a, 
ratie) was founel to be 1.55, a value veiy e^lose to 1.59, the figure* 
obtained by others in measuring the amplituele of the horizontal anel 
ve*rtical e-omponents of turbulence by me*ans of the bidirectional wind 
vane* plae*e*d 6.56 feet from the grounel. Ptudie*s of the dispersion of 
small puffs of ammonium e’hloriele “smoke’^ gave similar re*sults. 

The* e*ffect of tre*e*s (without leaves) on ve*rti(‘al dispersion of spores 
was stuelie*d. 

The rate at whiedi aerial eiensity of spores decj-eased with increases 
in distance from the* source*, was apparently not afre*cte*el by variations 
in wind ve*lex‘ity between 2 and 16 mile*s pe*r hour. For winels of low 
ve*locity (be*Iow about 5 mile*s pex hemr), however, elispersion at a given 
elistance* from the* source was often gr('ate*r than that for me*dium and 
high velocity. Between ineHlium and high velocities, on the* other 
hand, dispersion varie*el little within the distane*e\s studied (5 to 15 feet). 

Since frictional turbulene*e increases with wind veloe*ity, aerial 
dispersion of spores shoulel likewise increase, other things being equal. 
The d(^gre*e of dis[)e>rsie)n at a given elistance from the source, however, 
is determined by the rate the spores are dispersed in relation to the 
rate they are carried downwind. When the source is a limited area 
at least, the degree of spore dispersion at a given distance will prob- 
ably decrease as wund velocity increases — unl(*ss the effects of turbu- 
lence on dispersion increase as fast as wind velocity, or faster. On 
the whole, the exp(*rimtotal results indicate that dispersion increased 
at about the same rate as velocity, except at velocities below^ about 
5 miles per hour; but further study of this point is desirable. In par- 
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ticiilar, dissemination should be studied at distances from the sourc*e 
greater than those employed herein. 

To compare the results from observations on disease spread with 
tliose from the experiments, the latter were generalized in terms of 
dissemination (1) from a three-dimensional block source instead of 
from a ^‘point’^ source, (2) through orchard trees instead of over open 
ground, and (3) for distances up to 100 feet instead of 1 5 feet. Certain 
gaps were bridged by assumptions, whi(*h, if rendered untenable by 
further studies, can be modified to conform with the new information. 
Though the results of this treatment must remain provisional, the 
observed spread of the disease through the apricot orchards is described 

to a good first approximation by jan ’equatioa jof |tlie] form y 

where y is the ratio of the percentage of blossom inftH'tion in a vei-tical 
slice of susceptible tissue (blossom) at a horizontal distance from the 
source block to the percentage of blossom infection in the source ti*ees, 
A and p are constants depending on wind velocity and perhaps on 
other quantities to a lesser extent, and x is tin' horizontal distance 
from the center of the nearest source trees. 
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SUSCEPTIBILITY OF HIBERNATING CODLING MOTH 
LARVAE TO LOW TEMPERATURES, AND THE BOUND- 
WATER CONTENT ‘ 

By E. H. SlEQLER 2 

Senior Entomologist, Division of Fruit Insect Investigations, Bureau of Entomology 

and Plant Quarantine, Agricultural Research Administration, United States 

Department of Agriculture 

INTRODUCTION 

The codling moth {Carpocapsa pomonella (L.)) is a pest of apples 
wherever they are grown m the United States. It is able to survive 
under a diversity of climatic conditions, prominent among which are 
low winter temperatures. At times, however, overwintering larvae are 
killed by exposure to low temperatures. At Yakima, Wash., for ex- 
ample, Newcomer (5) found that wherever the minimum tempera- 
tur(‘ had been lower than —25° F. all overwintering larvae with no 
protection other than bark or burlap bands were killed. 

A study was therefore undertaken to find out what low tempera- 
tures are fatal to larvae of the codling moth, whether larvae indigenous 
to widely separated apple-growing districts show any differences in 
susceptibility to cold, and whether cold-hardiness is influenced by dif- 
ferences in sex or weight of the larvae or by differences in humidity of 
the atmosphere before exposure to cold. Determinations were also 
made of the bound-water content of hibernating codling moth larvae, 
since bound w'ater is generally believed to have a part in cold-hardi- 
ness.^ 

THE FREEZ^ING OF INSECTS 

Some insects can be cooled considerably below^ their true freezing 
temperature before actually freezing. The point reached just as 
freezing commences is referred to as the undercooling temperature. 
When the first ice crystal is formed, the heat of crystallization causes 
a sudden rise, the limit of which is called the rebound temperature. 
The temperature of the insect then remains constant for a moment, 
until the body fluids solidify, and then falls again to the temperature 

* Received for publication October 18, 1944. Digest of a thesis presented to 
the Graduate School of the University of Maryland, in partial fulfillment of the 
requirements for the degree of doctor of philosophy. 

2 The writer is indebted to the following for helpful suggestions: E. N. Cory 
and M. H. Haring, of the University of Marylanch F. Munger and William 
Robinson, of the U. S. Department of Agriculture, Bureau of Entomology and 
Plant Quarantine; and H. T. Wenzel, M. S. Osborn, and F. R, Caldwell, of the 
National Bureau of Standards. The last-named agency furnished information 
on equipment, equations, and constants for calibrating the instruments, and also 
provided thermocouple wire. 

® Italic numbers in parentheses refer to Literature Cited, p,340. 

* Because of space limitations many details of procedure, the formulas used for 
computations, and certain data have been omitted. Any desired information on 
these details will be furnished by the author on request. 
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of the surrounding media. The true freezing temperature of the inseet 
is somewhat higlier than the rebound temperature, because part of th(‘ 
h(‘.at of crystallization is transferred to the surrounding media. No 
att(‘mpt has been made in this study to determine the true freezing 
temperature of the codling moth. A typical cooling curve' for tlu' 
codling moth is shown in figure 1. 

TEMPERATURE (®C. ) 


•Poioirofo»>« 

ouiomootooioc^ otnouto 



FuiURK 1. Ty])ical cooling curve for tlie codling moth larva, sliowing undiT- 
cooling and rebound tein|>era lures. 

S('V('ral tht'ories have b(‘(*n advanced to explain th(' part fre'C'zing 
plays in killing insects. An early view that the' formation of ic(* in 
the cells causes death through mechanical injury lias largely b('en 
abandoned. Some investigators believe that withdiMwal of wateu* 
from the c('lls is I’esponsible, others that the normal functionings of 
the cell walls are destroyt'd. ' 

Bachmetjew (i), one of the first entomologists to study the cold- 
hardiness of insects, report(Hl that death occurred only after the insect 
had been subjected to its undej-cooling teraperatiiri' a second time. As 
found by the author, and as pointed out by Salt (f/) and othe:*s, some 
insects can survive freezing, and are killeil only by tempej-atiiri^s below 
their undercooling point. 

Robinsiui {8, *9) studied the possible* corre'lation between tlie 
hydrophilic colloid content of an insect and its wintei-hardiness. 
Some investigators believe that such colloids adsorb sufficient water 
to lower the fatal temperature. This adsorbed water is called bound 
water, wheresas the other water in the in8ex‘t is known as fi*ee water. 
The properties of water associate^ wi|[j[^' colloids are known to differ 
from those of true solutions, Th4^eiJ(X^3. stak'd that bound water 
will not freeze at —20*^ C., and Jones and Gprtner {3, p. 4^4), using 
the dilatometric method, found that the Bound water, present in 
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gelatin and tlio white of egg did not freeze even at -“50° C. These 
authors state: 

It is einph^isized th' t “bound” water is ph indeterminate term, and that 
“bound” water values f s (experimentally determined may be ('xpected to vary 
from system to system, Ihe variation being due to many factors, not the h^ast of 
which is the method s(‘lected for mepsurenient. If Ihological cells and tissues are 
similar in their Ixdiavior to gelatin and (probably) to th(^ thick portion of egg 
white, t hen “t)ound” water is a m(‘asurable entity and (using dilptometric pro- 
cc'dunO Irs a constant value at least at temperature's between 6^ and -50° C. 

On tin* basis of these* theories Robinson (8, 9, 10) made studies 
of the proportion of Itoiind water present in S(*veral species of insec'ts. 
Kistler (4), however, lias (juestioinal the validity of results Itased on 
th(*se hypoth('S(*s, on the ground that the undercooling of some of tln^ 
wat(*r would int(*rf(*re with their aecuvavj. More recently Ditman, 
Vogt, and Smith {2, p. 272) have expr(*ssed the opinion ‘Uhat unfreez- 
abh* wat(*r d(*terminations an* of no value in estimating the r(*latjv(‘ 
cold-hardiness of insects/’ 

STUDIES OF UNDERCOOLING AND REBOUND TEMPERATURES 

COLLECTION OF LARVAE 

R(*I)r(*S(*ntativ(* ovovrwintering larvae* from diff(*rent seedions of 
(he I’nited Stat(*s vve'rt* ()btain(‘(l by banding apple trees in fruit dis- 
tricts in five* States, as follows: Maryland (Fhiston), Georgia (Cornelia), 
Arkansas (Bentonville), Colorado (Giand Junction), and Washington 
(Yakima). The* bands containing the larvae W(*re shipp(‘d to Takoma 
Park, Md., wh(*r(* tlu'y were* held in an outdoor inseedary until useul in 
th(*S(' studie's. 

APPARATUS AND PROCEDURE 

The* aidiaratus for ele‘teimining (he unelercooling and rebound tem- 
pe*ratur(*s consist(‘el (*ss(‘n(ially of a refrigerator for ceioling the* larvae* 
anel a tempe*i‘alure-r(*ce)reling d(*vie*e* (fig, 2). 


Fkjcre 2. — Apparatus used in determining undercooling and rebound tempera- 
tures of codling moth larvae; /I, Potentiometer; B, hood for galvanometer 
(not visible) and scale; C, scple for gelvr nometer reading; /), standard cell; 
E, battery; h\ cold junction; G, mercury switch; //, vacuum-bott le ndrigerator. 
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The refrigerator (H) was a wide-mouth vacuum bottle supported 
within a cotton-filled battery jar. A cell (fig. 3) for holdii^ the insect 
was made out of two corks, one larger than the other. The smaller 
end of one cork was hollowed out enough to hold the insect and inserted 
in a pocket in the larger cork which had been cut out and filled with 
cotton. Thermocouple wires were inserted through the smaller cork 
so that the junction would be in contact with the larva. The cell was 
then placed in a container consisting of two test tubes one inside the 



Figure 3. — Insect cell for determination of undercooling and rebound teinj^ra- 
tures of the codling moth larva: A, Cell open showing position of larva and 
thermocouple wires; B, cell closed. 


other, and inserted in the vacuum bottle through a hole in its cork 
stopper. 

To produce low temperatures a eutectic mixture of calcium chloride 
hexahydrate and finely crushed ice or a mixture of solid carbon dioxide 
and gasoline was used. The lowest temperatme obtained with the 
first mixtiu’e was —87° C., although it is capable of giving —54.9°. 

All temperature measurements were made with a potentiometer 
(fig. 2, A) in connection with a D’ Arson val galvanometer and a 
thermocouple of copper-constantan wire. The cold-junction ends of 
the thermocouple were lowered into small glass tubes containing a 
half-inch of mercury, which were inserted through a cork stopper into 
a pint vacuum jar filled with finely crushed ice (F). To reduce 
electrical resistance a home-made mercury-pocket revereing switch 
(0) was employed in place of a knife switch. The thermocouple was 
calibrated as to electromotive force-temperature function in accord- 
ance with a standard equation and constants. 
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EXPERIMENTAL RESULTS 

In the tpsts reported in this paper no codling moth larvae survived 
after one exposure to their undercooling temperature, although a few 
individuals hved in a very weak condition for several weeks following 
their freezing. 

Effect of Locai.ity, Sex, and Weight 

The undercooling and rebound temperatures of larvae from several 
fruit districts in the United States are summarized in table 1 . Prac- 
tically no differences due to locality of origin are indicated by these 
data. 


Table 1 . — Relation of locality of origin of codling moth larvae to their undercooling 
and rewound temperatures^ 19S1 


State 

Larvae 

Mean under* 
(HKiling 
temiwratiire 

Mean 

rebound 

tempt»rature 


Number 

® C. 

° C. 

Maryland.. . - 

3 

-2«. 0=fcl.4 

-6. 0=fc0.4 

Colorado 

11 

-25.g:t .7 1 

-6.2±: .5 

Arkansas, . 

5 

-27.0=b .f» 

-7. 42b . 3 

Georgia . - . 

21 

-25.8db .ft 

~«.7i .ft 

Washington . — . . 

23 

~2ft.0± .6 

-ft.0db .8 


Similar data for other groups of larvae sc'parated according to sex 
ar(‘ given in tabh's 2 and 3. 

Table 2. — Relation of locality of origin, sex, ami iveighi of codling moth larvae to their 
undercooling temperatures, 1982 


OcorKia .. 

Maryland.. 

■Washington 


State 

Sex of larvae 

i Number 
of larvoi' 

Mean 

weight 

Mean under- 
cooling tern- 
twrature 


(Male. . _ 

I 

1 

i ft 

Oram 

0. 039 

C. 

“28. 3±0. ft 


\ Female 

- - ! « 

.047 

“25. 5=bl. ft 

j 

/Male 

■ 1 5 

.039 

~26.4i:1.8 


\ Female 

- : 10 

.060 

-25.ft± ,ft 


[Male 

- ! 9 

.039 

-2ft. Irb . 5 


1 Female, 

-| 

, 052 

-27. 2± .3 


Table 3. — Relation of locality of origin, sex, and weight of codling moth larvae to their 
undercooling and rehound temperatures, 19SS 


state 


Maryland 

Colorado 

Arkansas 

Georgia.- 

Washington... 


Sex of larvae 

Number 
of larvae 

M(>au 

weight 

Mean under- 
cooling tem- 
IM^rature 

Meanreiwund 

temi)erature 

/Male 

3 

Oram 

0. 054 

-27. 7rb0.9 

° C\ 

-8. 8±1. 1 

\ Female 

1 

. 059 

-28.3 

-5.0 

/Malo.... 

ft 

. 035 

-29.4:t .7 

-11. Id::!. 3 

\Female .. , 

5 

.041 

~29.3Ar .5 

-11.2d:1.2 

/Male 

2 

[ .041 

-28. 4drl.7 

-8.0=fc .8 

\ Female 

2 

.046 

I -28.9±1.() 

1 -9.5rb.8 

/Male 

1 4 

.047 

-30. 3 A: -7 

-9.3d:2.ft 

\ Female, 

7 

. 055 

-27.3=fcL0 

-6. 6=fc . 7 

/Male-- 

2 

. 041 

-24. 4=hL 6 

-7.2d=2.1 

1 Female. . 

2 

. (H2 

-26, 5A:3.0 

-9.7=bL7 


46 2 
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The results presented indicate that neither the undercooling nor 
the rebound temperature is appreciably influenced by the locality 
from which the insects are obtained or by the weight or sex of the 
larvae. These conclusions are supported by other work, presented 
in the next section, although the data for individual localities are 
not given. 

Effect of Dhy and Httmid Conditions 

Payne (^), in experiments witli Synehroa larvae, demonstrated tlvat 
both the undercooling and the freezing temperature could be lowered 
by dehydrating the larvae. This was true whether or not the insects 
were normally self-dehyd rating. Payne also found (7) that the larva 
of the Japanese beetle (Popillia japonica Newm.), which normally 
ovei*winters in a moist environment, is very resistant to cold wlnui 
dehydrated to half its body weight. 

A series of ti'sts was conducted in which larvae, undisturbed in 
their cocoons, were held at 10° C. in sealed glass containers for 1 to 4 
months, some under humid and others under dry conditions, before 
their undercooling and rebound temperatures were taken. Moisture 
was supplied by means of lampwicks dipped into a beaker of water. 
For tests under dry conditions the air in the container was dehydrated 
with silica gel, which was thoroughly dried out weekly. The exact 
extent of the dehydration was not determiru'd for tlu'se larvae. Be- 
cause of the codling moth larva^s habit of spinning new cocoons if 
disturbed, it was not possible to weigh naked larvae before and after 
dehydration without affecting the normal condition of the insect. 

The summarized results, given in table 4, indicate that the average 
undercooling and rebound temperatures of the insects were not mark- 
edly affected by tin* extrenu^s in humidity under which tlie larvae had 
been kept. It is believed, therefore, that the resistance of the dormant 
codling moth larva to low temperatures is not greatly changed by wide 
differences in humidity such as sometimes exist under field conditions. 


Table A. — Under cooling and rehound temperatures of hihernaiing codling moth 
larvae that had been, subjected to dry and humid conditions previous to exposure 
to low temperatures 


' 

Atnios|)h<Ti(! (jondition 
I)rovU)UH to tpst 

Stw of larva(‘ 

N unilM'r 
of larvae 

A veraue 
weipht 

Mean under* 
C(K>linK tem- 
perature 

Mean re- 
bound tem- 
perature 




(rram 

” a. 

"■’ C. 

Dry. 

/Malo.- - 

1 Femal(j , ' 

li 

0. 036 

-25.6 

-8.3 

16 

.051 

-26.8 

-7.6 

Humid .. 

/Male .. j 

\ Female 

13 

12 

.044 
. 053 

-25. 7 
- 27. 7 

-7. 1 
-7.9 


Effect of Cross-Breeding 

To determine the effect of cross-breeding on resistance to low 
temperatures, male moths from Washington were crossed with females 
from Georgia. As far as could be deteimined from five crossbred 
males, and six crossbred females, crossing produced no change in the 
susceptibility of the resulting larvae to low ternperatmes. 
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PROTECTIVE VALUE OF UNDERCOOLING 

As the temperature falls, the larva lies quiet in its cocoon, and its 
metabolic processes become for the most part inactivated. This 
state of rest perhaps favors undercooling in the same way that quiet 
conditions permit water to be undercooTcd considerably below 0® C. 
There is no chance for foreign substances to be introduced into the 
body fluids of the larva to serve as nuclei for ice formation. More- 
over, the host tree, on which the larva is quartered beneath the bark, 
is relatively free from vibrations. 

Since the temperature required to produce the first crystal of ice 
is much lower than the true freezing temperature, the ability to under- 
cool permits the insect to withstand winter temperatures many 
degrees below its true freezing temperature. 

To determine whether the inactivity of the larvae during the winter 
facilitates undercooling, tests were conducted with three larvae from 
M aryland and four from Arkansas. As the temperature was lowered, 
the iarvae were kept in motion by means of a wire looped aromid 
their tlioracic segments, wliile the thermocouple remained in contact 
with the abdominal s(‘ginents. Both the undercooling and the 
rebound temperatures were considerably higher than when the larvae 
were undisturbed. The fact that undercooling occurred at all is 
evidence that the tendency to undercool is exceedingly pronounced. 

DETERMINATIONS OF BOUND WATER 

Bound-water determinations wer(‘ mad(^ by two methods. The 
first was the dilatoinetric method, which had been used by Jones and 
Gortner (3) for various gels and by Sayre {12) for plant tissue. The 
second method was tlic heat-of-fusion-of-ice method, which had Ix^en 
used by Robinson {10) and others. 

DILATOMETRIC METHOD 

The dilatoinetric method takes advantage of the expansion that 
occurs with the freezing of water to measure*, the quantity of water 
that freezes in the larvae. The total water content is theui det(*r- 
mined by drying the larvae, and the bound water is d(*terinined by 
difference*.. 

The dilatometeT used (figs. 4 and 5) consisted of a graduated capil- 
lary tube of 1-mni. bore and 55 cm. long fused to a 25-ml. bulb into 
which was ground a glass stopper provided with ears for the attach- 
ment of rubber bands. Toluene was selected as a suitable liquid, 
since it is practically insoluble in water and lias a low freezing point. 
Two glass containers, one inside the other, separated by 3 inches of 
ground cork formed an insulated chamber, which was filled with cal- 
cium chloride solution. This chamber was equipped with a motor- 
driven stirrer. 

Approximately 125 codling moth larvae, haying a total weight of 
about 5 gm., were used in each test. After being weighed they were 
introduced into the dilatometer bulb containing tohiene. Addi- 
tional toluene was then drawn in through the capillary tube with an 
aspirator to a certain scale reading, while the glass stopper, smearcjd 
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with glycerol, was slowly revolved until it seated, care being taken 
to exclude air bubbles. As extra precautions rubber bands were used 
and the stopper was sealed with celluloid cement. 

The calcium chloride bath was cooled to and kept constant at 
*—7.5® C. This temperature was selected because it is between the 
maximum undercooling temperature and the freezing temperature of 
the laxwae. 

The dilatometer containing the larvae was then placed in the bath, 
and when thermal equilibrium was established the reading was taken. 
The dilatometer was next transferred to a freezing chamber at —35® C. 
and held therein until all the larvae were frozen, when it was replaced 
in the bath at — 7.5® C. The quantity of water that was frozen within 
the larvae was computed from the difference in the readings of the 
dilatometer when the larvae were in the unfrozen and the frozen 
state. The larvae were then removed from the dilatometer and placed 
in an electric oven at 87®~89® C., where they were desiccated under 
vacuum until a constant weight was obtained. The total quantity 
of water originally present in the larvae was then calculated. From 



Fiotjre 4.“-^, Dilatometer; By insulated temperature chamber; C, stirrer; D, 
rheostat: E. thermocouule. 
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these two figures was computed the percentage of the total water that 
was in the bound form. 

The results with five tests at —7.5° C. showed the bound-water 
content to range from 34.4 to 38.4 percent, with a mean of 35.9 
percent. 

HBAT-OF-FUSION-OF-ICE METHOD 


The heat-of-fusion-of-ice method was essentially that reported by 
Robinson {10). This method utilizes the fact that the melting of 



Fiouhe 5. — Dilatometer bulb showing codling moth larvae (.4) before freezing, 
and (fl) after freewng. Note whitish color of larvae caused by freezing. 
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1 gm. of ice requires 80 calories of h(*at. By the use of a calorimeter 
ffig. 6) the heat given off by the thawing of frozen larvae is measured. 
This figure mves a basis for enmputing tbe frozen water that they 
contained. The total water content is then determined as was done 
in the dilatometric* metliod, and tlie bound water computed by 
difference. 

A :i00-ml. silv(‘re(l Dewar flask (/I) was used as the calorimeter 
jacket. A small glass shell vial (fiJ), held in place within the flask by 
means of a cork, served as a containc'r for the calorimeter water. In 
all tests the water was carefully pipetted into the vial to avoid drops 
on the walls. A mechanical stirrer (/?) was made from a glass rod by 
flattening it at on(‘ (Uid and twisting it spirally to giv(‘ adequate stirring 

2 

without splashing. It was opcuatcHl by a ,j^j^-hors(‘power motor. 

The water samph' used to (hqermim* the thermal capacity of tlu^ 
calorimeter and th(‘ samples of ins(H‘ts to determin(‘ tlu* free-wat(‘r 
content and sp(‘(*ific heat wer(‘ enclosed in tinfoil (‘ontainers (fig. 7). 
A thermocouple was field in the middle of tlie inse(*t sampl(*s. 



Fiouiiio 6. — Calorimeter, open; A, Dewar flask; B, glass stirrer; C, universal joint ; 
/>, cork stopper for Dewar flask and bearing for stirrer; E, container for calori- 
meter water; F, motor for stirrer; G, rheostat for motor. 
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FiorRK 7. — Tinfoil container 
for specimens used in 
bo u n d- wa t e r d(» r r n i n a- 
tions by the heat-of-fusion 
?netliod: A, tinfoil cyli/:- 
der; /i, cylinder after fol(^ 
iui» for freezing of speci- 
mens; C, cylinder as fold- 
ed after specimen was 
frozen; />, glass vial con- 
tainer for specimens. 

1 'ablk "). — Itound-ivatcr conteni of codlimt tnolh larvae, deiermined by the heat-op 

f a mm-of-ice m eth od 

'rfnuKManiro of frozen lurvao, (\ Spocifu- boat ol lurvao, (l.T/i caloric per praiu-doRicc centigrade 





'I'eniperature 

of ealo- 

i 

VVeijihl «if live 
huvae 

VV ai.er eon- 
lent of 
lnr\'ae 

Weijilit of 
tinfoil 
container 

rinieter water 

Bound 
water ! 


■ 

. 

Initial 

Final 


(trnm.s 

Pneenf 

Oranitt 


'V.’. 

Pneevt 

2. TiltO 

.51,0 

1 . li to 

20. 0 1 

20. 1 

11.2 1 

2, rm 

.5 .1. 0 

1.200 

22. 7 

17.0 

8. 4 1 

2. r.i2 

.50. 1 j 

i 1 . 2r»o 

25. 2 I 

19. 2 

14.8 1 

2. 521 

5(>. .5 

I.22K ! 

25. 0 : 

19. 5 

5.2 j 

2. h2U 

50, 2 j 

1.200) 

24. 9 I 

19, 0 

10. 5 

2. 5IH 

,5<i, 8 i 

1.278 i 

24. 7 ! 

19,0 

10.2 

2. m 

.50. 7 

1.207 

i ^ 24.0 ! 

18, 7 


2. Wl 

55. H 

- 1.220 1 

24. 0 

18,9 

! 11.9 1 

2. .505 

! 55. 1 

1 1.209 i 

1 24. 8 

19. 1 

1 12.5 1 

2. .50.1 ! 

! ,50. ;i 

i 1.2.50 1 

1 24. h 

19.0 

1 11-2 

iMi'ttn 2.511 i 

! .55. 0 

i 1.299 ' 

! 24. 8 

19. 0 

1 11.2 


The results of 10 hound-water (UderiiunatioMS by this method aie 
^iven in table o. 

It will be noted that a lowtu' value for bound water was obtained 
with the heat-of-fusion method at —30^^ C. than with the dilatometrie 
method at —7.5°. A differenee in results should exist, sima' the for(‘e 
of crystallization is more powerful in eomparison with the force of 
water binding at —30° than at —7.5°. 

SUMMARY 

Studies have lieen made of the sus(‘eptibilitv of the liibernating 
larva of the codling moth {('arpocapm pomonella (L.)) to low temper- 
atures, as indicated by the tcunpcMiitiire to wliicli the insect can be 
undercooled before' beginning to freeze. Studies have also been made, 
by two methods, of the bound-water conti'nt of the hibernating larva. 

Unlike some inseeds, the codling moth cannot withstand more' than 
erne freezing. 

The overwintering larva shows a prone>une*ed te'ude'ricy to undercool. 
The average undeivooling teunperaturcs for different groups of larvae 
ranged from —24.4° C. to —30.1°. The average rebound temper- 
atures to which the temperatures of the insects rose after freezing 
started ranged from —5.0° C, to —11.2°. 



340 


Journal of Agrioulturdl Research 


Vol. 72, No. 10 


No marked differences in susceptibility to low temperatures, as 
indicated by the undercooling temperatures, were shown bj^ larvae 
from Washington, Colorado, Arkansas, Maryland, and Georgia. 

The undercooling temperatures of the larvae were practically 
unaffected by the sex or weight of the larvae. 

A study of the effect of exposing larvae to artificially created dry 
and humid conditions indicated no marked changes in their under- 
cooling temperatures. 

The undercooling temperatures of crossbred larvae were similar 
to those of their progenitors. 

Undercooling is favored by the quiescent state of the larva during 
its hibernation period. The artificial movement of the larva greatly 
reduced undercooling. 

The average bound-water content of codling moth larvae was 35.9 
percent when determined by the dilatometric method at —7.5® C., 
and 11.2 percent by the heal-of-fusion-of-ice method at —30® C. 
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THE CONSTRUCTION AND INSTALLATION OF THERMO- 
COUPLES FOR BIOLOGICAL RESEARCH » 

By Russell Eggert 2 

Re 9 earch assistant in harticuUurej New Hampshire Agricultural Experiment Station 

INTRODUCTION 

The thermocouple, when connected with a potentiometer, has 
several advantages over other instruments used to determine temper- 
ature changes in biological material. In the first place any temper- 
ature within its range may be determined instantly. Moreover, 
it is an improvement over the mercurial, spirit, or gas thermometer 
in that its small size permits measurement of temperatures in localized 
areas of living or dead tissue. Within limits, the distance from the 
thermocouple to the potentiometer is immaterial and a whole battery 
of thermocouples can be c^oupled wdth one potentiometer through a 
centrally located switchboard. Temperatures may, therefore, be 
recorded in rapid succession. Finally, thermocouples may be left 
in position indefinitely where corrosion does not take place. 

In attempting to use this apparatus for biological research the 
writer discovered that many temperature readings were inaccurate. 
Later these inaccuracies were found to be due largely to incorrect 
mounting of the thermocouples. Further investigation revealed 
that many others who made temperature measurements in similar 
work with this equipment had used it without taking adequate 
precautions to prevent the same difficulty (I, 2 , 5, 6 )} * 

Portable potentiometer indicators have found extensive use in 
industrial research and manufacturing. The measurement of the 
temperature of furnaces, of flowing liquids, and of rooms located at 
considerable distances from each other are among the multitude of 
ways in which they are employed. But under such conditions it is 
not difficult to set up thermocouples to measure temperatures correctly 
since the volume of material or the space held at a specific degree or 


* Received for publication Jiilv 14, 1944. 

® The writer wishes to express his sincere appreciation for the suggestions and 
help received during the course of these studies from Dr. A. F. Yeager, Dr. L. P. 
Latimer, Dr. W. Vif. Smith, H. S. Clapp, and C. L. Calahan, of the University 
of New Hampslure; and also to W. A. Macan 3d, of the Leeds & Northrup Co., 
for assistance with technical problems relating to the construction and operation 
of the potentiometer. 

® Italic numbers in parentheses refer to Literature Cited, p. 341. 

< Calahan, C. L. the portable potentiometer thermocouple thermo- 
electric INDICATOR METHOD FOR RAPIDLY DETERMINING SMALL TEMPERATURE 
CHANGES m LIMITED AREAS. N. H. Univ. Dept. Hort. 18 pp., illus. 1942* 
{Processed.] 
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range is comparatively large. la biological experiments it is fr^ 
Quently desirable to measure tbe temperature of limited ^as, or 
differences in the temperature of tissues which are but a fraction of an 
inchapwt. 

Information dealing with the tedbiique of using the portable 
potentiometer and installing thermocouples for this work is very 
scattered, incomplete, and contradictory. The material that follows 
was secured as a result of effort^ to overcome dfficulties arising in 
the construction of thermocouples and in moimting them to obtain 
accurate temperatme reading in biological research experiments. 

It is not intended to discuss in this paper the construction and oper- 
ation of thfi potentiometer anv more than is necessary. These 
problems have already been solved by the manufacturers of such 
instruments, and explained by authors of many textbooks of physics 
and chemistry ( 6 , 7.).' It is necessary, however, to consider briefly 
the construction of the apparatus with which this work was done. 

THE POTENTIOMETER 

The most practical instrument found to measure temperatures 
of biological materials, so far, has proved to be a potentiometer 
calibrated diiectly’in temperature units. 

The potentiometer has been in general use since about 1912. In its 
simplest form it is well described by Duff ( 4 ). The one used by the 
writer, which is called a null balance instrument, measures thermo- 
couple electromotive force by comparing it with the standardized 
voltage drop across a portion of a slide-wire, and uses a sensitive 
galvanometer to detect any unbalance. It consists essentially of a 
resistance wire of uniform and constant resistance tliroughout its 
length, in series with a battery and a current-adjusting rheostat. The 
voltage drop across the wire, or any part of it, is proportional to the 
current flow. It is necessary to use a current flow of oxrnstant value 
in this circuit as a standard of comparison. In order to check this 
.constant flow it is necessary, at frequent intervals, to compare the 
voltage drop due to the battery cureent flowing across a calculated 
portion of slide-wire with the e. m. f. of a circuit canyii^ the opposing 
voltage of a standard cell (e. m. f.=1.0190 volts). The galvanometer 
is used to detect any current which would flow if the potentials were 
not 'equal, and a rheostat in the battery circuit is adjusted until such 
equality is obtained. Any effects of variations of temperature on the 
e. m. f. of the battery circuit, with which the e. m. f. of the thermo- 
couple is to be compared, can be eliminated completely befbre. tire 
! latter is switched into the circuit in place of the standard cell. 

Since no current flows from the thermocouple when the measuring 
instrument is balanced, the accuracy of rijeasurenieilt is usually inde- 
pendent of the length or diameter of the thermocouple leads, when 
r they are properly installed . Therefore, when measuri% temperatures 
of a group of thermocouples, it is not necessary to have all leads the 
same length, nor to “balance” the shorter leads with additional 

‘ Lbbds 4c Nokthrttp Compact, micromax termocotjplb ptbombtbbs por 
MBASURBMBNT AND CONTROL. .Leeds & Northrup Co. Cat. N-33A, 67 pp., i&us. 
l^iladelphia. 1942. 
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resistance. Certain limitatioiis concerning length and size of leads 
will be discussed later. 

Calibration of this potentiometer depends upon stable and fixed 
r^istance coils and slide-wires rather than on delicate deflection 
meters. The sensitive galvanometer is used as a null balance detector 
only and is not calibrated.* 

CONSTRUCTION OF THERMOCOUPLES 

The terms “thermocouple,” “couple,” and “junction” are used 
interchangeably in this paper. A thermocouple, as ordinarily described 
in physics, consists of two wires of unlike material fused or soldered 
together to make two junctions. The copper wire is then cut in two at 
the center to serve as leads to the measuring instrument. If the two 
junctions are at different temperatures, there is a voltage between the 
two lead-wires and this is measmed. The measurements are stand- 
ardized by placing one of the junctions in meltii^ ice at a constant 
temperature. 

The type of thermocouple, or, strictly speaking, the portion of 
thermocouple employed in the following investigation is made up of 
two wires each of a different metal, welded, fused, or soldered together 
at one end. An electromotive force, or electrical pressure, is developed 
at the, point of junction of the wires and is ’proportional to the tem- 
perature difference between this point, the so-called “hot” junction, 
and the reference or “cold” junctions, located in this case in the instru- 
ment to which the free ends of the wires (lead-wires) extend. At this 
point it should be understood that it is possible, and necessary, to 
solder the hot junction and short leads of No. 30 or finer wii’e, to larger 
lead-wires of the same metals, and extend these to the instrument if 
the latter is more than 15 feet away. The potentiometer employed is 
also equipped with an automatic reference junction compensator 
which eliminates the need for the ice bath described above, a decided 
convenience for tests run in the field and over a long period of time. 

To be most useful in obtaining internal plant temperature, thermo- 
couples must of necessity be as small in diameter as it is practical to 
make them so that there will be the least possible injury to the tissue 
iu which they are inserted. Number 30 copper-constantan enameled 
wire was selected as about the smallest that could be used conven- 
iently in this work. Number 38 and possibly finer can be obtained,’' 
but these would lequire such sensitive galvanometers that they could 
be used only under carefully controlled laboratory conditions and are 
too easily broken to be useful for temperatmo studies under field con- 
ditions extending over a long period. 

Each potentiometer is calibrated for thermocouples made of specific 
materials. 

Several batteries of thermocouples were made for these experiments. 


• The instrument referred to was a manually operated Leeds & Northrop port- 
able potentiometer indicator with automatic reference jn notion compensator. 
It is calibrated —40° to 120° F., for use with copper-constantan thermocouples 
(1038 calibration). 

' BakiUB a Co., Ino. riNB wibes. 15 pp. New York, San Francisco, and 
Chieitgo. |No date.] 
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The copper and the constantan lead-wires from each thermocouple in 
a battery were the same length, but those in different batteries ranged 
in length from 3 feet up to 115 feet. Short wires were cut in pairs and 
each pair was wrapped on a spool. Couples with long lead-wires were 
marked by attaching identically numbered tags at both ends, but a 
whole battery of these thermocouples and leads was wrapped on one 
spool. When unwound it was, in effect, a cable. This practice re- 
moved the necessity of keeping the small, easily .tangled lead-wires 
separated from each other throughout their whole length, and greatly 
simplified installation. 

In constructing a thermocouple the enamel was first scraped off one 
end of each, of two wires. Fine emery cloth is an excellent material 
with which to remove enamel. These cleaned ends wnre twisted 
tightly together for several turns, and were then fused by holding 
them in the flame of a medium hot gas burner with the twisted ends 
turned upward at an angle of from 60° to 70° above the horizontal 
position. 

Copper has a melting point of 1,083° C. and will, therefore, melt 
before the constantan, an alloy of ni(‘,kel and copper, which has a melt- 
ing point of 1,290° C. At its melting point the copper fuses around 
the constantan. This point can best be observed by watching for it 
through a large lens. A reading glass is satisfactory. \Mres must be 
removed from, the flame 4.he instant fusion takes place, and before a 
droplet of copper forms, or before the wire melts apart. Small drop- 
lets do not appear to interfere with the accuracy of readings, but do 
interfere with the insertion of the thermocouple into plant material, 
and could, if thev were large enough, result in excessive thermal con- 
duction because of their large heat capacity. Any pie(‘e of constant an 
which protrudes bevond the tip of the fused junction can be (‘ut off 
easily with a sharp knife if the projection is first laid on a solid surface. 

Satisfactory thermocouples can also })e made by cleaning tln^ ends 
of the wires, twisting tlum togetlna- for a short distance, and then 
soldering the twisted portion to prevent corrosion and hold it firm. 
Thermocouples used in these experiments were either fused, or fused 
and soldered, and they gave equally good results. A coiu'-entrated 
zinc chloride flux, used in the process of soldering, was very effective. 
The fused junctions or twisted wires were first dipped into the zinc 
chloride flux, then inserted into solder heated to a temperature con- 
siderably above the melting point, and immediately withdrawn. An 
excellent junction is produced by this method, but any zinc chloride 
remaining on it should be rinsed off in water to prevent corrosion. 
A more durable and equally efficient couple can be made by fusing the 
ends of the wires and soldering them, together up to one-eighth of an 
inch from the junction. However, any -additional material placed 
around or near the junction requires extra space, makes installation 
difficult, and introduces additional error due to thermal conduction. 

If a sufficient length of lead-wires, including the junction, can bo 
embedded at the same depth in the object to be measured, it will 
not be necessary to fuse the extreme tips of wires for junctions to 
be used in measuring the temperature of objects, as will be shown 
later, since this practice prevents theiiral conduction toward or away 
from the junction. In measuring the temperatures of thin or small 
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objects it would, of course, be preferable to luake the junction occupy 
as little space as possible, which can be done by fusing the ends of 
the wires by means of an electric arc. 

INSTALLATION OF THERMOCOUPLES 

WORK OF OTHER INVESTIGATORS 

Thermocouples have frequently been used to measure the internal 
temperature of plants; Clum (!) describes apparatus for and methods 
'of measuring leaf temperatures. He used No. 36 copper-constantan 
wire in his experiments. The thermocouples were fused with an 
electric current and were insulated with ^'Radiolac.'' Lead-wires at 
an undcsignated distance from the junctions were also protected by 
running them through cotton sleeving. Junctions were inserted into 
the mesophyll of the leaf through a small hole in the lower epidermis 
and held in place with a small wire clamp slippc'd over the edge of 
the leaf and over the thermocouple wires a short distance from the 
junction. By this method only a few millimeters of junction and 
adjoining lead-wires would be embedded in plant tissue. 

\\ allace and (Hum (//), in later work on leaf temperatures, used 
thermopiles consisting of clusters mf five thermocouples of No. 38 
copper-constantan wire. These were mounted on a wire clip within 
a wire franu; 6 mm. square which was* j)ressed against the lower 
surface of the leaf when the clip was closed on the leaf. This would 
seem to be an excellent method of obtaining the temperature at the 
lower surface of leaves, but would not necessarily determine the 
internal temperature of a leaf at any given instant, since thermal 
conduction could afTect the temperature of the couple on the leaf but 
not that of the couple suspended in air. However, it is obvious that 
the No. 38 wire used would introduce far less error than No. 30 wire. 

Eaton and Beldcui (J) also used No. 36 coppcu-constantan wire in 
their nurasurej rents. 'I'heir thermocouple wir('s were enclosed in 
^‘semiflexible tubing^^ from wduch the junctions protruded about 1 inch. 
1 he upper surface of a leaf was folded against the junction with a 
pair of cork-tipped tongs and tlu‘ reading on the galvanometer taken 
in mediately. The results were in terms of “the de'partures of the 
loaf teir peratures from the temperature of tlie air,’^ wdiicli were 
obtained from a shaded th(‘rniocouple (J, p, 35). 

Curtis {2^ 3) used No. 30 copper-constantan th(n*mocouples wduch 
he “threaded” through the leaves. All except about 1 (un. of junction 
and lead-wures wnis insulated. In this work the junctions of the 
thermocouples and short huigths of adjacent lead-wires w^ere in con- 
tact with the loww surface of the leaf. In wire of this size the ther- 
mal conduction factor exerts a gnait iiiHuence on temperature readings, 
as will be shown. Insulating lead-wires to within 1 cm. of the junc- 
tion, on the basis of the following work, is of questionable value, 
especially in recording temperatures that can change as rapidly as 
they do in leaves, insulating material would absorb heat during a 
rise in temperature at the junction, and would permit it to bo con- 
ducted! back to the junction as the latter point becomes cooler. This 
would definitely tend to straighten the temperature curve. 

Patton and Feagan (8) devised an ingenious method of measuring 
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the fall in temperature of a liquid flowing through a tube. Thermo- 
couple junctions were soldered in the ends of sTots machined in the 
wall of a metal tube parallel to its length. These junctions were 
located very near the inner wall of the tube. Lead-wires were then 
run througn a smaller tube laid in the machined slot. This smaller 
tube was also soldered in place and the solder ^ound down at the 
surface to restore the original outer curvature of the pipe. By this 
method the thermocouple junction and about 3 inches of lead-wires 
were exposed to the same temperature, and false readings due to 
thermal conductivity away from the junctions were eliminated. 

’ OBJECTIVES 

Because of their sensitivity, thermocouples have long been of out- 
standing value in measuring plant temperatures. The writer wished 
to use them both in trunks and branches of trees and at various dis- 
tances above and below ^ound. However, wsuspicioii arose as to 

f )ossible variability in readings due to thermal conduction along the 
ead-wires. Many readings were taken in comparison with those of 
a mercury medical thermometer placed under the human tongue. 
The readings averaged from to 1%^ lower for the thermocouples 
made of No. 30 copper-constantarf wire, but when the lead-wires adja- 
cent to the junction were bent into the form of a compact S the error 
was eliminated. ‘ 

A series of experiments was carried out to determine whether there 
was thermal conduction of heat away from the thermo(X)uple junction 
along the lead-wires to a colder point some distance away, or vice 
vei*sa, and whether such conduction would affect temperature readings 
when copper-cons tan tan thcrmocoulpes of No. 30 gage were used. 
Studies also were made to find a method of inserting thermocouples 
in plant tissue in such a way as to avoid incorrect readings, or at 
least to reduce the inaccuracies to a minimum. 

METHOD OP PROCEDURE 

Equipment was set up to determine what effect would be produced 
by conduction of heat toward or away from the thermocouple junction. 
For this work several thermocouples of No. 30 copper and constantan 
wire were prepared by welding in a gas flame. Some of these were 
dipped in solder and others left as welded to test the effect of soldering 
All gav^^ identical temperature readings when checked against a 
standai’d couple. The comparison was made by suspending the 
couple to a depth of 6 inches in water that had stood for 48 hours in 
a room at nearly constant temperature. A standardized thermom- 
eter was used as a further check. 

Thermocouples with lead-wires 115 feet long gave as accurate 
readings on the potentiometer previously described as theimocouples 
with 4-foot lead-wires at temperatures of F. or above. However, 
the galvanometer needle was less sensitive to thermocouples with the 
long leads during the measurement of subzero temperatures. This 
was especially important since the nearest peach trees in which 
couples were to be inserted were located 100 feet from a room in which 
the instrument was to be placed in order to operate it in cold weather. 
Larger lead-wires of copper and constantan were not available. But 




June 1, me 


T h£Tnwc(ywplci for Biological Besea/rch 


347 


when low temperatures are to be measured at a distance of more than 
16 feet from the instrument it would be preferable to make thermo- 
couples and short lead-wires of No. 30 copper-constaiitan wires and 
solder them to No. 16 ga^e insulated leads of the same metals to 
eliminate high resistance in the galvanometer ciicuit. One group 
of tests for thermal conductivity was carried out with 4-foot couples, 
the other with 9-foot couples. The results are recorded in the data 
that follows. 

TESTS SHOWING CONDUCTION ALONG LEAD- WIRES IN AIR TO A JUNCTION 

SUSPENDED IN WATER 

In the first set of experiments a thermocouple was suspended 
one-half inch deep in a gallon jar of water that had stood in a room of 
nearly constant temperature for 48 hours (fig. 1). The temperature 
of the water both before and after the ex|>eriitient w^as 77.75*^ F. By 
means of a measuring stick mounted besides the apparatus it was 

f iossible to indicate the exact point above the water at which the 
ead-wures were grasped by the fingers of the operator. This method 
was sufficiently accurate to show the desired results since the chief 
concern was whether or not thermal conduction influenced temperature 
readings during these fiist experiments rather than the exact amount 
of variation. Onviously there is opportunity for variation in the 
temperature of the fingers, particularly where short lengtlis of wire 
are gi^asped, but this w^ould minimize rather than amplify the results 



Figure 1. — Apparatus used to test for thermal conductivity along lead-wires 
to a thermocouple junction suspended in water: (a) Ruler; 6, thermocouple 
lead-wires that were grasped at various distances above c; c, insulating paper; 
d, water; e, thermocouple junction. 
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under the conditions of the experiment that follows. The tabulation 
given below shows the results of the ex^perimont to determine the 
conductivity of heat from fingers, tlirough metal in air and water, 
to a thermocouple junction. 

Distance above waier al which wires were grasped 

b g fing ers Temperature re a ding after 20 seco nds 


Inches 


3 

2 

1 

^2 


® F. 

77. 75 
77. 75 

77. 75 

78. 50 
81. 25 


This tabulation indicates that heat from the fingei^s was conducted 
along the No. 30 wires and was not dissipated into the air or water 
and thus prevented from rea(‘hing junctions located less than 1 inch 
fi'om its source. The thermal differential or the difference between 
the temperature of the fingers (96.5^ F.) and of the water (77.75°) 
was only 18.75° F. at the beginning of this experiment. 


EVIDENCE OF THERMAL CONDUCTION IN EXPERIMENTS WITH LIVE WOOD OF 

SUGAR MAPLE 

Trials were carried out with a slab one-quarter inch thick cut from 
a young, dormant sugar maple tree on a winter day when the tem- 
perature was wall above freezing. The wood was very moist. Sap 
flowed freely from the stumi) after the tree was cut. A hole 1 mm. 
in diameter was drilled through the slal) and the junction of the 
thermocouple was inserted. The jun(*tion was then pushed on 
through a double thickness of h('a\’y paper insulation beyond which 
it was grapsed by the operator whose fingers registered 96.50° F. 
(See fig. 2). The recorded temperatui*e inside the slab w^as 6G° F. 
at the beginning and 70° after completion of the tests. 

The effect due to conduction of tin*, quarter iiudi of cold wood on 
the teinperatui'C of the thermocouple point when the point was moved 
to various distance's from the wood is shown in the* tabulation given 
below. The t(*Tni)erature of the fingers on the thermo(*ouple outside 
the wood was 96.5° at the beginning and at the ('ud of the test; the 
temperature of the inside of the slab was 06° at the lieginning and 70° 
at the end of the test ; the temperature of the air in the room wuis 79°. 


Distance thermocou- 
ple junction, pro- 
truded beyond cold 
slab 

Temperature of fingers 
on thermocouple points 
at different distances 
from dab 

Inches 

°F. 

y* 

85. 5 

% 

<)2 

% 

92. 25 

1 

94. 75 


95 

ly 

96 

2 

96. 5 

2J4 

96. 5 


With a difference of 30.5° F. between the temperature in the slab 
and that of the fingers it is apparent from these figures that at a 
distance of X inch the temperature l*eadiiig of the object at the ther- 
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Figure 2. — Ap|)aratu.s used to test the effeci on the temperature at a thermo- 
couple when lead-wires from the junction were passed throu^^h green maple 
wood whicli was cold(T than the temperature recorded at the junction: a, 
Maple slab; h, insulating paper; c, thermacouple junction; d, lead-wires; c, hole 
through which lead-wires wvsv pulled to various distances beyond slab. The 
thermocouple was grasped by the fingers when it was one-fourtli inch from 
insulation paper (h) placed over the slab (a). The distance from the junction 
to the insulation paper was increased 2 inches before the true temperature of 
the fingertips could be record(Hl. 

mocoiiplu junction is thrown off 11°, and at ]% iiudios it is off 0.5°. 
The temperatui'e of th(‘ fingers was ustnl in order to measure results 
with a greater temperature differential than was possible in the air 
of the room. 

An experiment was made to dettumiine the effect of high tempera- 
ture at the surface of a limb on thermocouple points inserted to 
different depths in holes drilled into the limb. 

For this work a limb of live sugar maph' 4 iiich(‘s in diameter and 3 
feet long was selected. Tliret* holes, each 1 mm. in diameter, were 
drilled into it at riglit angles to its length. These holes were ?i6, 
and % inch deep, respectively. Tiiermocouples were inserted in them 
and a small amount of cotton forced in at the opening in the Imvk to 
hold the couples firmly in place. Keadings were taken irnmediately 
after each couple w'as inserted. The operator then grasped the wires 
at the point wdiere they entered the limb and readings were taken 
again. All temperatures were recorded within an interval of 3 min- 
utes, beginning with the thermocouple which was /{« of an inch deep. 
The temperature of the room in which the limb stood was 79 r . at 
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the beginning of the test and the temperature of the finders, 96.5®. 
The results of the experiment are shown in the accompanying tabula- 
tion. 


Depth of hole in which 
thermocouple point 
was ineerUd 


Temperature of limty 
as it stood in room 


Temperature recorded 
bv thermocouple S 
minutes after start of 
when lead-wires 
were grasped by fin- 
gers at point of emer- 
gence 



o p 

47.6 

41.6 
36.0 


® F, 
66 

50. 76 
39.6 


EFFECT OF INSERTING THERMOCOUPLES IN HOLES OF DIFFERENT SIZES 

A test was made to determine the effect on temperature recordings 
of inserting thermocouples in different -sized holes in a tree and plug- 

f ing the openings in difl’erent ways where the lead-wires emerged, 
loles 1.5, 1.7, and 4 mm. in diameter were drilled at the same level 
on thq north side of a shaded peach tree. A shaded tree was selected 
so that sunlight would not influence the temperature of the couples. 
All holes were drilled to a depth of 1.6 inches. Table 1 gives the 
results of this test. 

The differences obtained with the different sized holes and plues, 
as shown by table 1, are not particularly significant because of tne 
small variation in temperature of the air and in the wood, but they 
might indicate that the true temperature of the tree at 1 % inches 
deep was not being measured accurately and that the junctions as they 
were inserted were affect ed by the temperature of the air. Differences 
would probably have been greater at higher temperatures or during 
more rapid changes in temperature. Discrepancies are probably due 
in part^ to the curvature of the tree and dmerences in the structure 
of the wood. 


Table 1. — Temperatures recorded when thermocouples were inserted in holes of 
different size in peach tree and held in place by different methods 


Date and time of day 

Temperature In boles of different sizes with couples held in 
place as indicated 

1.6 mm.; 
cotton plug 

1.7 mm.; 
cotton plug 

4 mm.; cot' 
ton plug 

1.7 mm.; 
cotton plug 
grafting 
wax 

Tempera- 
ture of air 

Dec. 18: ’ 

Ojp 

op 


op 


6.00 p. m 

13.75 

. 13. 76 


13.76 

12.0 

7:16 p. m 

10.6 


10.6 


8.76 

9:00 p. m 

7.26 


8.0 

7.6 

6.6 

Dec. 19: 






7:00 a. m 

-3.6 

-3.0 

-3.0 

-3.0 

-2.6 

12:00 m 

4.0 

4.0 


4,0 

6.0 

1:46 p. m 




6.0 

4.6 

6:00 p, m 


-J.6 

-1.6 

-1.6 

-4.0 

llKlOp. m 

-11.0 

-11.0 

-11.6 

-11.6 

-12.0 

Dec. 20: 






8:30 a. m 

-16. 6 

-16.6 

-16.26 

-16.6 

-14.26 

10:15 a. m 



-10.0 


-7.0 

12:46 p. m 


-1.26 

-1.6 

-1.6 

4.26 

8:30 p. m 

4.25 

4.26 

4.26 

4 26 

8.76 
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A COMPARISON OF METHODS OP INSERTING THERMOCOUPLES 

As a result of the experiments just described the writer concluded 
that it is necessary to place at least 3 inches of a No. 30 copper- 
constantan thermocouple wire and junction in the same level of plant 
tissue, or at a place where it will be subjected to the same tempera- 
ture, in order to obtain accurate readings. This distance was selected 
to provide a margin of safety for extreme changes in temperature in 
tissue of different moisture content. 

To test the validity of this conclusion a piece of live apple limb 16 
inches long and 5 inches in diameter was selected and cut off. Two 
sets of four holes, each 2.5 mm. in diameter, were drilled in it. The 
first set of four holes were drilled in one end to a depth of 3 inches. 
These were > 4 , 1 and 2 inches from the side of the limb and parallel 

to it, but so distributed that one hole was not under another. The 
second set of four holes of equal diameter were drilled ){, 1, and 2 
inches deep into the limb at right angles to its length and surface. 
These holes w(‘Te also distributed part way around the limb. Ther- 
mocouples were inserted in the holes. A plug of cotton and a light 
covering of grafting wax were placed around each pair of wires where 
it emerged from the limb. The limb wdth the thermocouples inserted 
was placed in a thermostatically controlled refiigerator capable of 
being cooled to —40® F. Another thermocouple to indicate air 
temperature was placed l)eside it. The lead-wires were passed through 
a hole in the wall of the refrigerator to the potentiometer located out- 
side. Temperatures were recorded every 15 minutes from th('. time 
the compressor was started until it was shut off and the inside of the 
chamber had again reached the temperature of the room. During the 
time the temperature was rising, the door fasteners of the refrigerator 
were released slightly to allow warm air to enter and cold air to 
drain out; however, the air inside was circulated sufficiently by a 
large fan so that it was of uniform temperature at any given moment. 
After the couples had been removed the limb was cut to check the 
position of points at the base of the 3-inch holes. The results with 
thermocouples set at ){ inch in each of the two tests are illustrated 
in fig. 3. 

The results of this experiment indicate that during rapid changes 
in temperature at higher levels, thermocouples set at shallow depths, 
with but Yi inch of wire embedded in the tree, may read from 3® to 
9® louver or higher than temperatures registered on a couple 3 inches 
of which is embedded at the same depth. When temperatures are 
changing at a lower rate the difference between readings of thermo- 
coupfes in the tree and those in air become more nearly the same 
regardless of how the instruments are inserted in the tree, since there 
is less conduction of heat toward or away from these junctions. 
The conditions indicated in figure 3 for the period between 5:30 and 
8:00 p. m. are comparable to those sometimes occurring in an orchard 
between 9:00 a. m. and 1:00 p. m. on a bright, sunshiny day in mid- 
winter. Any thermocouple set in a hole Ya inch deep drilled at right 
angles to the bark, as indicated in figure 3, would not register cor- 
rectly because of the great amount of heat conducted along the wire 
to the junction. When 3 inches of the wires are eml)edded at M inch 
depth, hot or cold air striking them where they enter the tree would 
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FigurI'J 3. — Effect of thermal conduction on the temperature at a thermocouple 
junction installed inch deep at a right angle to llie surface of an api)le limb 
5 inches in diameter as compared with its effect at another junction, also set 
Yi inch deep, but inserted parallel to the surface of the limb for a distance of 
3 inches. 

be dissipated before reaching the junction, resulting in a more nearly 
perfect record of conditions at that location. The accuracy of this 
statement is indicated by figure 4, which shows the rc^sults obtained 
by setting the couples about 2 inches deep. When the limb was cut, 
the point of couple No. 1 proved to be 1% inches d(‘ep, which aijcounts 
for the slight discrepaney in the readings. However, at this depth 
the readings of botli theimocouples follow the saiiu^ curve with but 
little variation, iudieatiug That little iiiliuence, if any, resulted from 
conduction of heat along the wires toward, or away from, th(‘se points. 

Since it would be extremely difficult to insert a thermocouple and 
3 inches of adjoining lead-W'ires parallel to the length of a tree trunk 
at a depth much greater than the cambium, the following method was 
devised for ineasuring temperatures deeper in the trunk. One-fourth- 
irich bamboo reed was cut into lengths about 2 inches longer than the 
radius of the tree to be measured, and a small steel wire was pushed 
through them to open the nodes. A liole was drilled in the trunk 
into wliicli the reed was inserk^ for a trial fitting. The depth to 
which the reed extended was carefully measured, after which it was 
withdrawn and shallow, close spiral notches were cut in its outside 
wall at distances which represented the depth at which thcrmocouplos 
were to be placed. The thermocouples and lead-wir(‘s were then 
inserted in the reed and were allowed to protrude from it at the de- 
sh'ed point for a distance of 3 inches. Between thiee and four wi'aps 
around the K-inch reed will, even when slightly separated, occupy little 
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space, but will absorb the 3 inches of lead-wii-cs and will therefore 
reduce to a minimum the amount of thermal conduction along the 
lead-wiles toward or away from the junction. The whole unit was 
then dipped in shellac, and when it dried the wires wine held firmly 
in place for inserting in the tree. If the unit has more than one 
thermocouple on it, lead-wires should be carefully labeled. A small 
amount of grafting wax was applied where lead-wires emerged from 
the tree. 



wlien junctions \Aerc installed as indicated in figure 3 but at a depth of about 
2 inches. 'I'he ternfieratures recorded in figures 3 and 4 were taken on the 
same apfile limb at the same time. * 


In event bamboo reeds are not available, small, straight branches 
can be cut from young, live wood not over ^i-incli in diameter. 
When the bark is peeled off these they can be split lengthwise and the 
pith removed, after which tliey can be used like the bamboo reeds 
desciibcd above. 

An excellent time of year to place thermocouples in the cambium 
layers of trees to study winter temperatures is when the bark slips 
in August. A hard steel wire sharpc^ied on one end and pushed ver- 
tically along the trunk into the cambium can be forced along the 
latter very easily at that time of year. If inserted immediately after 
the wire is withdrawn, a thermocouple can, without difficulty, be 
pushed into position. A small amount of grafting wax can be bl ushed 
on the hole where the wires emerge, and they will soon become firmly 
established. 
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SUMMARY AND CONCLUSIONS 

The potentiometer-thermocouple method of measuring the internal 
temperature of plants is accurate if the thermocouples are properly 
installed. Within working limitations the size of the hole in which 
a couple is placed is not as important as other factors of installation, 
but from the standpoint of injury to plants the smallest hole in 
which a junction can be inserted is best. 

In order to obtain an accurate reading of temperature in live wood 
tissue during rapidly rising or falling temperature it is necessary that 
about 3 inches of No. 30 copper-cons tantan lead-wire be embedded 
at the same depth as the thermocouple junction, in order to ^4solate^' 
the junctioii and dissipate the effect of heat which tends to be con- 
ducted toward or away from that point. Plant tissues vary greatly 
in texture and structure as well as in moisture* content at different 
periods of the year. Since measurements taken in these studies were 
made on green maple filled with sap, and on coinpaiatively dry apple 
wood, it is suggested that this 3-inch distance would probably be 
satisfactory in any plant tissue when wire of the same description is 
used, 

A method is described for inserting thermocouples in tree trunks. 
It is desirable that the plug which holds the junctions firmly in place 
in the plapt should be waterproof substance. Grafting wax is sug- 
gested. 

Thermocouples should be installed in the cambium of trees in a 
position parallel with the length of trunk or limb to insure more 
accurate readings of temperatures on any one side of the tree. 

Thermocouples should be constructed of as fine wire as it is possible 
to use in order to avoid thermal conductivity toward or away from the 
junctions under conditions of changing temperature. 
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BLOOD LEVELS OF CALCIUM AND INORGANIC PHOS- 
PHORUS IN HEREFORD CATTLE ‘ 

By Merle G. Payne, associate chemist^ Colorado Agricultural Experiment Station; 

Andrew G. Clark, professor of mathematicSi Colorado State College of Agricul- 
ture and Mechanic Arts; H. E. Kingman, veterinarian^ and William M. Stans- 

BDRY, assistant veterinarian^ Wyoming Hereford Ranch Trusty Cheyenne^ Wyo, 

INTRODUCTION 

A possible relation between fertility and the levels of calcium and 
phosphorus in the blood of cattle has been suggested by various 
investigators. Proof of such a relation is, however, dependent upon a 
definite knowledge of the normal levels of these minerals. Such 
levels have been found for some breeds of cattle, but there is no general 
agreement in the results reported. The study here presented was 
undertaken to determine such standards for Hereford range cattle 
as a preliminary to the larger study of the relation of calcium and 
phosphorus blood levels to fertility. 

LITERATURE REVIEW 

The calcium and phosphorus blood levels of cattle recorded in the 
literature clearly indicated that type of feed, age, and breed influenced 
the blood levcvl of those minerals. No reference was found, however, 
to the influ(*nce of sex on these levels. For the most part published 
data were based on small groups, 

Haag and Jones {OY reported the phosphorus level of blood plasma 
for mature cattle to be 5.2 mg. per 100 ml. This level does not agree 
with one reported by Johnson (7), which is 4.33 mg. per 100 ml. of 
whoit* blood foi- dairy heifers and cows, a mixed ag(‘ gj’oup. Johnson 
found no diflerenee for milking eow’s and dry cows, or for different 
br(»eds. 

Robinson and Huffman (//) obtained 5.87 mg. of ])hosphorus per 
100 ml. of blood plasma, for a h(*rd of beef cattle not homogeneous 
as to age, tlu‘ youngest being about a year old. Palmer, Chmningham, 
and Eckles {10) found the average inorganic lilood phosphorus of a 
small group of calves to be 7,20 mg. per 100 ml. of plasma. 

Beeson et al. {2)y working with growing and fattening beef calvivs, 
found 6 mg. of blood phosphorus per 100 ml. of plasma adequate. 
They studied a homogeneous age group, but the results cannot be 
compared with those for a beef-range group because of the different 
type of feed. 

Malan et al. (^), in the Union of Soutli Africa, found that beef 
heifers approaching 2 years of age showed a normal phosphorus level 
of 5 mg. per 100 ml. of whole blood. This was a homogeneous age 
group, on pasture supplemented with phospliorus. 

* Received for publication September 27, 1944. A cooperative study of the 
Colorado Agricultural Experiment Station and the Wyoming Hereford Ranch 
Trust, Cheyenne, Wyo. Scienti^c Series Paper No. 186 of the Colorado Agri- 
cultural Experiment Station. 
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Black et al. (S), working with a mixed age group, reported the point 
at which phosphorus deficiency existed in range cattle, used in the 
experiment at the King ranch in southern Texas, to be 4 mg. per 100 
ml. of blood. 

Knox et al. (5) found the phosphorus in wet cows of Hereford range 
cattle to be below 4 mg. per 100 ml. of plasma, except in a small 
group of dry cows and steers, in which the level closely approached 
4 mg. per 100 ml. of plasma. 

Haag and Jones {6) reported the calcium blood level for normal 
mature dairy cattle to be 9.99 mg. per 100 nil. of plasma. Allcroft 
and Green (1) gave the analyses of 139 normal dairy cows and reported 
the range for the blood-calcium level to be 8.65 to 11.65 mg. per 100 
ml. of serum. However, no levels were given for range beef cattle. 

A corresponding lack of agreement is evident for other phases of the 
investigation of blood phosphorus and calcium. Shohl (ij ji, 185) 
found that when inorganic blood phosphorus was high blood calcium 
was low, and vice versa. VaiiLandiugham et al. (lS)y on the other 
hand, reported that age and level of phosphorus intake w'(‘rc without 
effect upon the calcium content of the wdiole blood of growing dairy 
heifers. Greaves et al. {5) also stated that ])hosphorus intake l)ad 
little effect upon the calcium content of yearling beef stcicrs, but that 
there was a close correlation between phosphorus intake and the 
inorganic phosphorus of blood. Black et al. {S) ref)orte(l a similar 
correlation between phosphorus intake and the inorganic phosphorus 
intake and the inorganic phosphorus of blood. 

MATERIALS AND METHODS 

A large herd of Hereford cattle runnirig on a 70,0()(}-acre i)astur(^ was 
available for this study. The cow^s bled in the experiment were at tlie 
end of lactation and the beginning of gestation. The cattle subsisted 
for 7 to 12 months of the year on the available pasture plants witli 
supplemental feed during the winter montlis. 

This Wyoming pasture lies east of the mountains at an altitude of 
6,000 to 7,000 feet above sea level. The forage is composed for the 
most part of mixed grasses, chiefly grama, needle, and buffalo. The 
comparitively uniform altitude, topography, and flora of this area are 
considered of importance, since it is recognized that the phosphorus 
content of forage varies with the composition of the soil upon which it is 
produced and with the growing season. 

The calcium and phosphorus content of the range forage w as not 
determined; unless the person doing the sampling wuis very familiar 
with the range and grazing habits of the cattle, it would be diflficult on 
so large a range to sample accurately the forage consumed. There wras 
no clinical evidence in the herd to show that the intake of these 
minerals was inadequate. 

For the purpose of this study the cattle were divided into four 
groups, based on sex and age: (1) yearling bulls; (2) herd bulls — 
those older than group 1; (3) 2-year old heifers; and (4) aged cow’^s — 
those older than group 3. In stage of development the yearling bulls 
are comparable to the 2-year-old heifers. 

Blood samples for analyses for calcium and phosphorus content 
were taken in connection with the routine care of the herd. Whenever 
cattle w^ere being run through the chutes for such operations as change 
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of pasture, branding, spraying, or dipping, it was planned to take 
samples of jugular blood from (jvery tenth ajiimal going through the 
chutes. Owing, however, to the exigencies of such operations it was 
sometimes the fiinth or even the eleventh that was sampled. The 
distribution may be considered as adequate for securing representative 
samples of blood. 

The general procedure was to collect jugular blood in glass vials and 
use the serum for the calcium and inorganic phosphorus det(‘rmina- 
tions. The analyses were begun within 8 hours of collection of the 
blood, and even when a large number of samph's were being handled 
the analyses were completed within 24 hours. 

Inorganic phosj)horus (hdenninations wore made by the method of 
Fiske and Siibbarow (4); cal(4um determinations were jnade by the 
method of Roe and Kalm (1^); both wert' adapted to the Klett photo- 
electric colorimet(‘r. 

Precautions w(‘r(‘ takcui to ch(‘ck the relial)i]ity of determinations by 
including, in a s(Ties of detiuminations, a clu^ck sam])le of known 
phosphorus and calcium content; this was done eacb time new reag(mts 
were mach^ up. Tlu^ cJieck sainph^s were ])repared in approximately 
J0-p(‘rcent trichloroacetic acid, in such a maimer that r)-ml. ali(|uots 
were equivalent to blood filtrates containing .‘ho to 8 mg. of inorganic 
phosphorus pin- 100 ml. and 9 to 11 mg. of calcium per 100 ml. 

(^dcium and phosphorus were nuaisunal in t(‘rms of milligrams per 
100 ml. of blood siaum, for brevity (‘X|)r(‘ss('d as milligram percent 
ting, percent.) 

A total of 500 d(‘terminations was made. Statistical analysis was 
used on the (uitire seri(‘s, 1)ut only (abh^s of statistics |)ertinent to this 
discussion are pri'sented. 

EXPERlAtENTAL DATA 

The normal blood inorganic phosphorus and calcium hwnds of (‘attic 
r(‘port(Hl in the literature sliow' little agic'ennait larg(*ly because of 
tlie inlluence of age, f(a‘d, bnaal, and the small (‘xpia-inumtal groups 
of cattle us(h1. In the work that follow's, it was atliunpted to take 
into consideration tlu'se factors, and ii^ addition to not(' (he influence 
of s(^x on the normal blood-phosphorus and calcium hwnds in lIcTcford 
cattle rais(*d ifi the sann* g(‘ographical lo(‘ation and of similar breeding. 

Statistical studi(»s of th(‘ l)lood-phosj)horus analys('s are pre^semted 
in table 1 for the four giunu-al classc's of animals und(‘r study. The 
groups W(vre large enough to warrant considerable r(4iance upon the 
trends and diffeiauKa'S whi(*h are indicat(‘d. 


Table 1.- — Blood-phosphorvs level of cattle Hereford expressed as viilligram percent} 


ria.ss 


Y earliiiff bulls . 
11 ord bulls - . 
2-yo.ar-old heifors 
A {!»‘d cows 


X 

<T 

erf 

n 

7. :(0 

1.4« 

0. 103 

203 

4 . 7)i 

.81 

. 090 

07 

h.()7 1 

■ 78 

.003 

I 155 

1 

1 1.17 

1 

.101 

135 


If- Arlthmotic moan av<'rapo;‘r«=^tho standard error of an individual obsorvalion: <rf= the standard error 
of a co^r^^apoudinf^ uieau; n>=th(‘ number of animals eomprisinn the sample (number of determinations). 
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The differences between means of blood-phosphorus levels (table 1) 
of the four homogeneous classes are indicated in table 2. 


Table 2. — Comparison of blood-phosphorus levels in different Hasses of animals. 


Classes 

Difference 

between 

means 

ad 1 

Yearling bulls vs. herd bulls__. 

*2.54 
! * 2. 23 

! * 2. 41 

a .31 
.13 
.18 

0. 14 
. 14 
. 12 
. 14 
. 11 
. 12 

Yearling bulls vs. 2-year-old heifers 

Yearling bulls vs. aged cows 

Herd bulls vs. 2-year-old heifers „ 

Herd bulla vs. aged cows- 

2-year-old heifers vs. aged cows 



> <yd«the standard error of an indicated difference, 
a =sSiKniflcanco at the 1-percont level. 

» Significance at the 5-perccnt level. 


The data presented in tables 1 and 2 show that the amount of 
phosphorus in the blood of yearling bulls was high as compared to 
that of other classes; that the phosphorus content of the blood of the 
males was greater than that oi the females; and that the quantity of 
phosphorus diminishes with age in Hereford cattle. This relation- 
ship with age is stronger in the male animal. 

Results of the blood-calcium analyses are presented in table 3 for 
the same four classes, and the differences between the means of the 
blood-calcium levels are given in table 4. The sample sizes for the 
calcium determinations were smaller than those employed in tlie 
phosphorus determinations, because a calcium dc^ficiency seldom 
occurs in roughage-consuming animals, and the numbers were larg(^ 
enough to assign mean levels. 


Table 3. — Blood-calcium level of cattle Hereford expressed as milligram percent » 


ClaSvS 


a 

ax 

n 

Y earling bulls— - - 

10, 40 
13. a3 

9. 13 

9. 62 

i.m 

1.33 

1. 39 
1.81 

0. 2;i8 
.250 
. 158 
.249 

48 

27 

78 

54 

Herd bulls. , 

2-year-old heifers * , 

Afjtd cows , - 



i'j= Arithmetic mean average; ff=thc .standard error of an individual observation; aj»the standard 
error of a corresponding mean; the number of animals comprising the; sample (number of determinations) . 


Table 4. — Comparison of blood-calcium levels in different classes of animals 


ria.s.ses 

Difference 
in means 

ad 1 

Yearling bulls vs. herd bulls - 

Yearling bulls vs. 2-yeHr-ol(l heifers , _ . 

• 2. 57 

* 1.33 
». 94 

» 3. 90 
>3.61 
.39 

0. 349 
.287 
. 344 
. :i02 
. 357 

Yearling hulls vs. agcMl cows, 

Herd bulls vs. 2-year-old heifers 

Herd bulls vs. aged cow.s ... 

2-year-old heifers vs. aged cows 

!295 



1 o-d«Th© standard error of an indicated difference. 
Significance at the l-percent level. 


The complementary association of calcium and phosphorus in the 
blood is shown when the mean blood-calcium values (table 3) are 
compared with the mean blood-phosphorus values (table 1). For 
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the herd bulls, the blood-phosphorus value is significantly less, while 
the calcium content of the blood is significantly greater, than for the 
yearling bulls. The same tendency for these mineral contents of the 
blood to vary with age is shown in the results for aged cows and 2-year-old 
heifers. The tendency for blood phosphorus to diminish and blood 
calcium to increase with age seems to be more marked in the male 
than in the female. It should be remembered, however, that the 
blood-calcium level may not reflect the true picture of what is taking 
place; that is, a low calcium intake and the consequent withdrawal of 
calcium from the bone and other tissues for the blood. Hence, the 
calcium level of blood, when used as an index of the existing calcium 
picture, must be interpreted with caution. 

A brief study of variabilities for the values of blood-calcium and 
phosphorus within the four classes of animals is shown in table 5. 


Table 5. — Variahiliiies of the blood-calcium and phosphorous levels in the different 

classes of animals ^ 


Class 

C. V. (Ca) 

aC. V. (('a) 

C. V. (P) j 

aC. V, (P) 

yearling bulls 

15. 58 

1.03 i 

20.00 

1.03 

Herd bulls | 

10. 21 

1 . 40 ' 

10.93 

1. 50 

^-year-old heiftTS 1 

15. 22 

1.25 1 
1.87 

15.95 

.93 


19. 01 

22.43 

1.43 

Aged (x)wR j 



I r. V.^Cooffleiont of variability (100 cnt); aC, V.*=th(‘ standard onor of tho coeflident of variability. 


The data presented in table 6 show the results of correlation studies 
upon samples from each homogeneous group under study. 


Table 6. — Correlation of the blood-phosphorous arid calcium levels in the different 

classes of animals * 


('Ulss 

j r 

or 

n 

Yearling bulls _ 

-0. 39 

0. 129 

45 

Herd bulls . . , 

-[). 03 

. 192 

27 

2- vear-old heifers . . _ . , - - 

» -.25 

.117 

60 


.01 

. 140 

54 

Aged cows, . - .. . - j 




J r-»Coeff]dent of corrolation; standard error of (H)rrelalion;7j = the nuint)er of animals comprising 

the sample (nuniber of deterniinatioius). * Significance at the ]*perccnt level. 


The negative values for the correlation coefficient indicate the 
inverse association of calcium and phosphorous in the blood. The 
correlations for the herd bulls and for the aged cows are not signi- 
ficant, possibly owing to the fact that these classes of animals are 
heterogeneous as to age. This indicates that the calcium-phosphorus 
ratio is a variable concept depending oil ago and sex, as indicated by 
table 7. 


Table 7. — The blood-calcium and phosphorus ratio indifferent classes of animals} 


Class 

J 

fX 

Ymrling hnll.R , 

1.43 

0. 054 

?-yHar-«ld heifers - - 

1.80 

.060 

A ged cows 

1.94 

.090 

Herd hiillR 

2. 73 

.083 






•"j* Arithmetic mean average; ««»the standard error of a corresponding mean. 
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All differences between mean calcium-phosphorus ratios (table 7) 
are significant. There is no tendency for this ratio to be constant in 
a heterogeneous group of animals. That there is a strong tendency 
for blood phosphorus to diminish with age in both sexes is the princi])al 
conclusion. 

SUMMARY 

The normal blood levels of phosphorus and calcium for range 
Hereford yearling and herd bulls and for range Hereford heifers and 
aged cows have been determined. The blood levels reported are bas(^(l 
on analyses of samj)les from 560 animals. 

The normal levels for blood serum inorganic phosphorus in milli- 
gi*am percent were 7.50 ±0.103, 4.76 ±0.099, 5.07 ±0.063 and, 4.89 ± 
0.101 for yearling bulls, herd bulls, 2-year-old heifers, and aged cows, 
respectively. 

The phosphorus level of blood was found to be greater in bulls than 
in cows. The quantity of phosphorus diminishes with age in Ilercfoj'd 
range caftle, but tins relationship with age is stronger in the nnih^ 
animal, i 

The normal levels for blood calcium in milligram percent were 1 0.4 6 ± 
0.238, 13,03±0.256, 9.13±0.158 and 9.52±0.249 for yearling bulls, 
herd bulls, 2-year-old lieifers, and aged cows, respectively. 

A complementary association of ])hosphorus and calcium lias been 
found as shown by the fact that r=0.39±0. 129 for yeaiiing bulls, 
— 0.03±0.192 for herd bulls, — 0.25±0.117 for 2-year-old heifers, and 
0.01 ±0.140 for aged cows. 

The calcium-phosphorus ratio in homogeneous groups is a vanai)h‘ 
conctqit depending on age and sex. 
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EFFECT OF MATURITY ON THE CHEMICAL (COMPOSI- 
TION AND DIGESTIBILITY OF THE STEMS AND 
LEAVES OF SWEETCLOVEE HAY^ 


By Jerby Sotola 

Formerly assooiate animal hushandnum, Washinyton Agricultural Experiment 

station 

INTRODUCTION 

As a hay and pasture crop sweetclover is becoming increasingly im- 
portant. Varietal tests liave pointed to the Madrid {iMeUlotm offi- 
dnalM (L.) Lam.) and to the Spanish {M. alha Desr.) varieties as 
excellent yielders under farming conditions in eastern Washington. 
Since tonnage yield alone is not a reliable criterion of value, however, 
.studies of the chemical life history of the Madrid and of the digesti- 
bility of the Spanish sweetclovers were carried out in order to test 
the suitability of thcv^e two varieties for pasture and hay. 

REVIEW OF LITERATURE 

A brief review of the literature bearing on the composition and 
digestibility of sweetclover was given in a previous paper.- Hay of 
the Alpha 1 variety was found to contain 8.H percent digestible crude 
protein and 4().13 {lercent total digestible nutrients in its first-year 
crop when cut at a height of about oG inches, and 9.G8 percent digestible 
crude protein and 47.18 percent total digestible nutrients in the second- 
year crop when cut for hay at the bud stage. Similar figures for tlie 
Common White variety wei e 10.21 percent digestible protein and 47.44 
percent total digestible nutrients the first year, and 8.03 percent di- 
gestible protein and 41.1)4 i)ercent digestible nutrients the second year. 

PLAN OF INVESTIGATION 

During the years IDJll) and 11)40 a study of the chemical life history 
of Madrid sweetclover was undertaken. Digestion experiments were 
also made with sheep fed samples of hay from first- and second-year 
Spanish sweetclover eut at definite stages of maturity. A height of 
approximately inches seemed best for tlie first year, and the early 


' Received for piiblicatlon September 25, n>44. Published as Sclentilic Piiper 
No. 621, College of Agriculture and Agricultural Exi>eriment Station, State College 
of Washington. 
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bud stage for the second year. Since field curing of sweetclover is 
usually accompanied by a large leaf loss, this study was designed to 
show what proportions of the digestible nutrients are found in the 
steams and leaves of the first and second year’s growth. The plan 
provided for six separate digestion experiments in which stems, whole 
hay, and leaves of the first- and second-year crops were used sepa- 
rately during lO-day digestion experiments, each experiment being 
preceded by a 7-day preliminary feeding period. 

METHODS OP SAMPLING AND ANALYSIS 

CHEMICAL LIFE HISTORY OF MADRID SWEETCLOVER 

Clippings of the new seeding were first taken when the plants wine 
7 inches high and thereafter at appi'oxirnately 2-vveek intervals 
throughout the growing season. Dill'erent plants were selected each 
time and cut 1 inch above the ground line. Each c]ii)ping was made 
at approximately 9: 00 a. m., and the samples were immediately taken 
to the laboratory, where they were air-dried, chopped, mixed, and 
smaller samples vset aside for chemical studies. (Special precautions 
were taken to retain complete samiiles, avoiding leaf and other losses.) 

The forage samples wei’e subjected to the usual chemical analysis to 
obtain information as to the changes in (he nutrient content that take 
place during the development of the plants. 

The second spring all dead stalks of the jirevious year's growth were 
removed so as not to contaminate the new gi'owth during the sampling 
operation. 


DIGESTION EXPERIMENTS 

Samples of *>,000 pounds each of the first - and second-y('ar croj) were 
careliilly aii*-dried on canvas, and two-thirds of each sample was 
separated into stems and leaves. In separating the stems aii.d leaves, 
all small petioles and blossoms were included with the leaves and ail 
weeds were discarded. The samples were chopped into half-inch 
lengths and aliquots taken for chemical study. The daily feed require- 
ment for each sheep was immediately weighed into paper bags to avoid 
discrepancies in di*y-matter intake between trials ai-ising from varia- 
tions in humidity. 

The detailed method of conducting digestion experimeuts with sheei) 
by the use of metabolism cages has l)een previously described.® Ollicial 
methods ^ of analysis were u.sed for all cliemical determinations. 

EXPERIMENTAL RESULTS 
CHEMICAL LIFE HISTORY OF MADRID SWEETCLOVER 

Seedlings of Madrid sweetclover, 7 inches high, were sampled June 
13, 1930. Sampling continued at intei vals of about 2 Aveeks into Octo- 
ber, at which time the plants were approximately 34 to 36 inches high. 


® SOTOLA, J. RJKTAnON OF MATUKI'CY TO THE NimilTIVK VALUK OK FIRST, SKCOND, 
AND THIRD OUTTINCS OF IRRIGATED ALFALFA. Jour. Agr. R(\S. 85 : 3C>l-383, UlUS.. 1927. 

*A8so(tation of Official Agricultural Ciikmists. oit'-ictial and tentative 
METHODS OF ANALYSIS . . . Ed. 5, 757 pp., ilUis. Washington, D. C. 1940. 
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The first samples of the second year’s growth were collected on April 30 
when tlie plnnts were 5 inches high, and samplings continued every 2 
weeks until July 9, at which t ime the plants were mature and approxi- 
mately 73 inches in height. The relation of stems to leaves as affected 
by the height ami maturity of the plant is shown in table 1. 


Taole 1. — Relation of stems to Imvcs in air-dried Madrid sweeteAover plants 


First-year croj) 


S('t;t>iKl-year crop 


Date 

above 

fjrouiid 

L('avcs 

uir-clricd 

Steins 

air-dried 

Date 

S(ag(' of inatiuily 



Ilt'iglit 

g round 

Tveav('s 

ail-dried 

Stems 

air-dried 


Judies 

I^trccnf 

J^erceiil 



Inches 

Perceril 

J Percent 

Jinu' 13 

7.0 

2H. 47 

7 1 . 53 

Apr. .30 


5, 0 

71. K8 

28. 12 

27 

11. 0 

37. (12 

02. 9.S 

M.‘i\ 14 


10. 0 

(i3. 14 

30. .50 

July n 1 

15. U 

1 55. 02 

44. 98 

1 May 28 j 


j 38.0 1 

37. 10 

62. 90 

July 25 ! 

22. 0 

I 53. 18 

40. 52 

1 June 11 1 

Fatly bud 

1 (;o. 0 

28.48 

71.52 

Aug. 8 i 

30, 0 ; 

1 03.31 

30. 0.9 

June 24 

! Itud 

1 73.0 

27. 80 

72. 20 

Aug. 22 

30. 5 , 

I (U, 45 ^ 

1 30.55 

July y 

1 Flower 

1 7.3.0 

26. 56 

73. 44 

Sept. 19 

35.0 1 

03.89 i 

30. 1 1 







Oct, 3 

1 34.0 1 


33. 07 


1 

1 


Oct. 17 

34.0 

07.40 



i 

1 





1 32. 54 

i 

1 

i 



Tlic proportion of leaves steadily increased with the height and 
maturity of the plant daring the first year. However, the same 
plants sampled during their second year's growth contained a high 
proportion of leaves eaiiy in the season and became stemmy as the 
season progressed. 

The first-year cro|) on August 22, when the plants were 36.5 inches 
high, contained 63.45 percent of leaves, while the second-year crop 
on May 28, when the plants were 38 inches high, contained 37.1 per- 
cent of leaves. The mature plant of the first year's growth had a leaf- 
stem ratio of 1:0.48 as compared with a leaf-stem ratio of 1:2.76 for 
the mature plant of the second year’s growth. The second-year crop 
matured earlier in the season than the first-year crop, and it was 
stemmier. 


COMPOSITION OF THE DUt MATTER OF MADRID SWEETCLOVER 

In 1939 at 7 inches high the fresh sweet clover contained 82.20 per- 
cent moisture; at 11 indies, 78.1() percent ; at 15 inches, 68.00 percent; 
at 22 indies, 67.07 percent; at 30 indies, 62.33 percent; and at 35.5 
inches, 53.00 percent. After this growth stage the moisture percent- 
tige remained fairly stationary for the remainder of the season. Al- 
most identical moisture iiercentages were observed during tlie second 
year. 

The chemical changes in maturing stems and whole jihuits of 
Madrid sweetdover (table 2) showed a jirogressive decrease in pro- 
tein, ash, and fat, and an increase in crude fiber. The leaves showed 
some decrease in protein but the rate of decrease was lower. 

In the second-year crop the protein content of tlie whole plants 
decreased shar])ly while a marked rise in crude fiber was observed. 
The leaves again changed at a much slower rate in regioTl to both 
nutrients, the changes being in the same direction. 
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Table 2. — Composition of the dry matter in Madrid swcetclorer plants of the 
first- and second-year ci'op 

STEMS 


First-year crop 


Second-year crop 


J>ate 

crude 

Iirotein 

Ash 

Ether 

extract 

Crude 

fiber 

N-freo 

i'xtract 

Date 

Crude 

protein 

Ash 

Ether 

extract 

Crude 

fiber 

N-free 

extract 


Percent 

Percent 

Percent 

Percent 

Percent 


Percent 

Percent 

Percent 

Percent 

Percent 

.fun# 13 

10. 76 

11.43 

4.46 

21.02 

52. 34 

A|>r. 30 

10.09 

5. 05 

2. 55 

19.41 

62. 90 

27 

14.05 

11.32 

2.21 

26. 17 

46. 25 

May 14 

10. 79 

9.28 

2.89 

25. 35 

51. 69 

July 11 

8. 79 

8,47 

1.58 

32. 65 

48.51 

28 

6.95 ; 

7. 2(\ 

2. 30 

36. 85 

46. 64 

25 

9. 10 

6.46 i 

1.72 

36. 01 

46. 71 

June 11 

5.34 i 

4. 93 

1. 10 

46. 38 

42. 25 

Auk. h 

8. 44 

5. 50 1 

1. 35 

44. 70 

40. 01 

24 

4.34 1 

3. 85 

.91 

52. 17 

38. 73 

22 

9. 06 

5. 64 

1.32 1 

42. 31 

41.67 

July 9 

3.11 

3. 21 

.82 

53. 70 

1 39. 16 

Sept. 19 

7. 83' 

4. 11 

1. 50 1 

41.30 

45. 26 







Oct. 3 

8. 10 

5. 29 

1.96 1 

41.71 

42. 94 








17 

7. 73 

4. 10 

1.44 

41.78 

44. 95 

h 







WHOLE PLANT 


June 13 

23. 07 

12. 84 

4. 18 

11.54 

48. 37 

Apr. 30 

27. 24 

12.51 

5. 14 

10. 93 

44. 11 

27 

19. 42 

10. 97 

1.55 

17.55 

50. 51 

May 14 

22. 04 

1 1 35 

3. 72 

14. (K) 

48. 8' 

.fuly -11 

15. 59 

9. 46 

2. 96 

22. 20 

49. 79 

28 

14. 94 

8. 77 

3. 29 

25. 45 

47. 5, 

25 

17. 24 

8. 24 

2. 97 

23. 67 

47. 86 

June 11 

9. 62 

6, 1 1 

2.41 

3(). .57 

45. 2 

Aug. 8 

14. 40 

7.07 

2. 67 

31.84 

44.02 

24 

8. 86 

5. 03 

2. 10 

39. 47 

44. 5 

22 1 

13.36 

6. 98 

2. 65 

31.62 

45. 39 

July 9 

8.35 

4.89 

1.88 

42. 99 

41.8' 

Sept. 19 

12. 05 

5. 90 

2. 55 

31.88 

47. 62 







Oct. 3 

11.61 

5. 83 

2. 43 

33. 31 

46. 82 







17 

10. 68 

6. 05 

2. 59 

31.01 

49. 67 








June 13 

28. 33 

11.41 

1 1 

3.49 i 

10. 56 

46. 21 

Ai)r. 30 

30.71 

12. 83 

4.92 

7. 79 

43. 75 

27 

25. 07 

11.47 

3.27 ! 

8. 76 

51.43 

May 14 

23. 70 

11.90 

5. 38 

7.60 

51.42 

July 11 

22. 95 

11.57 

4.84 ! 

10.17 

50.47 

28 

22. 67 

11.63 

5. 74 

8.54 

51.42 

26 

26, 36 

10. 35 

4. 45 

9. 76 

49. 09 

June 11 

23. 22 

10. 24 

4,80 

10. 49 

51.25 

Aug. 8 

23. 47 

11.70 

3. 46 

9. 55 

51.82 

24 

19. 71 

9. 87 

4.07 

13.48 

52. 87 

22 

20.99 

10 43 I 

4. 54 

9.97 

54. 07 

July 9 

21.48 

«.tK) 

2. 66 

14.81 

52. 55 

Sept. 19 

19. 77 

9. 07 

3. 76 

8. 63 

58. 77 







Oct. 3 

18. 19 

9. 38 

5. 05 

9. 65 

57. 73 

1 . * - 






17 

17. 93 

12. 00 

4.40 

9. 71 

55. % 

[ 



— 





CHEMICAL COMPOSITION OF SPANISH SWEETCLOVEiK 

The cheinical composition of the forage samples fed during tlie 
<iigestion experiments is shown in table 3. The level of protein was 
higher in the stems and leaves of the second- than of the first-year 
crop, as was true also of the crude fiber. The stems of the second-year 
crop harvested at the early-bud stage contained 42.31 percent of crude 
fiber. 

The leaves of the first-year crop contained 3.286 percent calcium in 
contrast to 0.599 percent found in tlie stems. The second-year crop 
was lower in calcium but slightly higher in phosphorus tlian the first- 
year crop. The value for calcium in sweetclover hay compares very 
favorably with that for good grade alfalfa hay reported in an earlier 
paper.® 


B See footnotf* 2, p. Hcr,. 
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Table 3. Chcttiicul cotuposition of Bpaniah swcctclovcv stems, ivhole plotit^ ond 
leaves used In digestion trials with sheep 


P'lUST-Y'KAR CHOP (cut at 30 inches) 


Sample 

Moisture 

Crude 

jn-oteiu 

Ash 

Ether 

extract 

Crude 

fiber 

X -fn'e 
extract 

Calcium 

Phos- 

phorus 


Percent 

Percent 

Percent 

l*erccnt 

I Percent 

Percent 

Percent 


Stems 

12.90 

0. Of. 

4.07 

1.07 

30.41 

39. fO 

0. f>99 

0 230 

Whole plant 

10. 70 

0. Of. 

«. 04 

1. 18 

2(i. 98 

44. 49 

1 . 734 

2t)0 

IvcavCvS - 

17.30 

If). 40 

9. 22 

2. 07 

9. 11 

40. 21 

3. 280 

.214 


SECOND-YEAR CROl 

(eiK at early hud .stajie) 



Stems 

7. 04 

10. 2f) 

fi 7:) 

1 30 

42. 31 

32. 37 

0. 582 

0. 372 

Whole plant 

0. 11 

l(i.f.8 

10.20 

2. 04 

30.41 

31. 00 

1 1.285 

.330 

I weaves 

8. 19 

24.88 

12.02 

3.28 

14.88 


1 2. 073 

.360 


COEFFICIENTS OF APPARENT DIGESTIBILITY OF SPANISH SWEETCLOVER 

The individual coefficients of aj)|)arent digestibility of Spanish 
sweetclover are sliowii in table 4. llie sheep were fed at the same 
level of dry-matter intake, based upon the live weight of the sheep. 
Extreme care was taken to obtain an accuiale partition of fecal and 
urinary nitrogen, and the nitrogen determinations were made on 
fresh feces in order to avoid any error tliat might arise from loss of 
ammonia in air-drying the feces. The feces, even in cool weather, 
were treated with dilute formaldehyde to prevent loss of ammonia 
from bacterial action. 


TAinj*: 4 . — Coeffielents of appareai di(/( stihilitu of nutrU uis in the stems, leaves, 
and whole plant of Spanish sweetelor<T during its first and second year uytum 
harvested for hay and fed to im ther lambs and yearlings 


S'l'EMS 


Lamb No. 


First-year crop 


I 

! 

Second -year crop 


Dry 

niaUer 

Crude 

pnttein 

KUier 

extract 

(’rude 

fiber 

X' -free 
extract 

! I >i'y 
matter 

(’rude 1 Ether 
protein (‘xtraet 

(’rude 

fiber 

N-free 

extract 

180 - - 

50. 0 

55. 7 

28. 4 

41. K 

71.3 






188.. 

51. 7 

49. 7 

38, 9 

38. 4 






190 . 

50. 5 

47. 2 

24. 7 

35. 0 

68. 0 

f>0. 0 

55.5 1 58.9 

43. 2 

63. 0 

190. .. 

4S. 4 

47. 0 

29. 9 

32. 0 

07. 3 

54. 3 

57, 9 i 51.5 

40. 0 

66. 9 

M 







49. 9 

55. 2 i 54. 5 

42. 1 

01.8 

AvoruKe - 

51.0 

49. 9 

30. 5 

37.0 

(i8. 0 

51. (i 

50.2 j 55.0 

43 8 

03. 9 




WHOLE I 

LA NT 





180 

59. 1 

04. 3 


49. 3 

i 75. 0 

; 53. 1 

70.4 1 4S. 9 

30. 4 

1 60. 5 

188 

! 58. 8 

(in. 7 


4(>. 7 

70. 7 


! 


1 

IIH).. 

57. 3 

02. 9 


45. 7 

75. 4 

.53. 7 

73. 7 53. (I 

35. 2 

1 00. 1 

190 

58. 2 

; 02.8 i 


46.9 

74.0 

.5.3, 2 

7;j 4 ' 57.0 1 

1 :i.5.2 

1 61.3 

28:3 - 






■ 53.2 

70,5 j 55.5 

1 34. 1 

01.5 

AveraKO... 

i 58.4 

o:i. 9 

- 

47. 2 

, 75. 3 

, 53. 2 

1 1 

72.0 ; 53.8 

34.7 j 

00.0 





LEAVES 





180. - - - 

03.7 1 

l" 

75.2 ; 

5.0 

41.4 

77. 3 

: 01. «> 

75. 5 38. 7 ; 

n.o 

09. 7 

188 

00. 1 

1 77. 5 

8 0 

45. 1 

79. 2 





190. 

02. 9 

75. 3 

9.8 

31.9 


i 59.3 ! 

77. 4 ; 42. 8 

:i2 . 2 

ooh) 

190. 

04. 8 

76. 2 

5. 1 

47.7 

78. 3 

[ 04.4 i 

79. 0 i 4:1 2 

4 : 1. 7 

72. 0 

283 






1 04, 4 I 

78. 5 1 43. 0 

44.2 

7 : 1.8 




1 






Average 

04. 4 

76. 1 

7. 0 

41.5 

7S. 1 

02.4 1 

77. 0 j 42 1 

40.4 

70.6 
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The wether lambs in these digestion experiments ranged from 37 
to 59 kg. live weight and consumed a daily average of 15 to 19 gm. of 
di-y hay per kilogram of live weiglit. 

It may be observed in table 4 tliat there was practically no difference 
in the average digestibility of the dry matter in the stems of the first- 
and second-year crops. Likewise the dry matter of the wliole hay 
of the first- and second-j ear crop and the dry matter of the leaves of 
the first- and second-year hay were quite similar. However, the dry 
matter of the leaves was almost 25 percent more digestible than that 
of the stems. 

The average digestibility coefficient for crude fiber of the whole 
})lant was 47.2 percent in the first-year crop and only 34.7 percent in 
the second-year ci’op, a difTerence of 30 percent in favor of the first- 
year crop. 

The values of‘70.1 and 77.6 as coefficients of digestibility of the pro- 
tein in the leaves of the first- and second-year crop were very high, 
showing leaf protein on the average for both crops to be 45 percent 
more digestible than tlie protein of stems. Furthermore, leaves were 
much higher in protein than stems (table 3). The desirability of 
curing hay with a high leaf percentage is obvious from these figures. 

DIGESTIBLE NUTRIENTS OF SPANISH SWEETCLOVER 

The digestible nutrients in the stems, whole plant, and leaves of 
Spanish sweetclover are shown in table 5. 

Assuming first-year sweetclover hay of the Spanish variety con- 
taining 52.59 percent of total digestible nutrients to have a value of 
100 ))erc(Uit, the s(‘Cond-year crop would have a value of 84.1 percent 
on the basis of digestion experiments with sheep. On the basis of 
percentage composition, the stems of the first-year cro]> contained as 
much total digestible nutrients as the whole hay of the second-year 
crop, but only 25.8 percent as much digestible crude protein. Li Ice- 
wise, the leaves of the hay from the lirst-.year croj) ctontained only 
00.7 [percent as much digestible crude protein as the leaves of the 
second-year croj:). 

Table 5. — DU/estihfe vuirientH in the fitenis, ichele plant, and Jr<iv(s of Spanish 

Hwcetcloirr us determined with wether lambs for the first- and seeond year- 

crops, based on averaye eoe/fteients of apparent digest ibilitn 


FIRST-YEAR CROP 


Sample 

. .. -..1 

Dry 

matter 

Crude 

inotein 

Ether 
extract j 

1 

('rude 1 
liber | 

N -Iwo 
extract 

Total 

dint'stihle 

nutrients 

Nutritive 
rat io J 

Total 
digestible 
nutrient 
mting J 


1 

Fercent \ 

Fercent 

Fercent 

Fercent 

Fercent 

1 

Fercent \ 

1 


Stems 

44.94 j 

3.02 

0. .33 

1,3. 47 

27. 10 

44. ,33 

13.68 1 

84.3 

Whole plant 

,52.12 1 



12.73 

33. 50 

.52 59 i 

7.27 

ion 0 

Leaves 

,53.20 

11.72 1 

1 

. 19 

3.78 1 

3(5.09 

5i02 

3.44 

! 

98.9 

SECOND-YEAR CROP 

Stems 

47. 97 

5.76 

0.72 

18. ,53 

20, 6K i 

46 59 

7 09 

88 6 

Whole plant 

48. 44 

11.94 

1.10 

10. 55 

19.28 

44.25 

2.71 

84^1 

Leaves 

i ,57. 29 

19.31 

1.38 

6.01 

2,5.52 

53.94 

1.79 

102. 0 


I 1 to first-year whole hay 100 percent. 
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The second-year hay contained C4.8 i)ercent more digestible crude 
protein than the first-year hay. According to previous work,"^ sweet- 
clover hay from plants of Common White sweetclover haiwested at 
similar stages of maturity contained 10.21 and 47.M percent of 
digestible protein and total digestible nutrients respectively in the 
first-year crop, with 8.1)3 and 41.94 per<*ent in the second-year crop. 
Thus it is apparent from table 5 that the Spanish variety is superior 
both in the availability of its nutrients to sheep and its ])ro(hiction of 
dry matter. 


SUMMAIIY 

Plants of Madrid sweetclover steadily incieased in leaf percentage 
as they matured duiving tlie first year, but decreased at an evtm greater 
rate in leaf percentage during the second year. The plants decreased 
in protein, fat and ash and increased in crude fiber as they matured 
^luring the first ye^ar. iis the second-year gi-owth progi*essed the 
plants decreast'd sharply in protein and increased in crude fiber, much 
moi'e so than during the first year. The leaves in both first- and 
second-year cro])s showed some d(M:*rease in ])rotein, but the decrease 
was much less than tliat ifi the whole plant. 

Digestion e\i)eriineuts in which sh(‘ep were fed Spanish sweetclover 
showed the first-ycair ero}>, cut for hay when 3(> inches high* to coiilain 
r>,;U> p(U’C(Mit, digestible crude protein and 52. bt) percent total digestible 
iiutrients. I'he sc'cond-yeai’ crop, more fibrous and steiny, contained 
11.94 percent digestibl(‘ crude protein and 44.25 percent total digestible 
Jiutrients. 

Leaf protein, on the avau’age, was 45 percent more digestible than 
protein of the stems in both the first- and second-year crops of 
Spanish sweetclover. 

« See footnote' 2, p. .‘105. 
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